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Abstract: Art v 1 isthe major alergen of mugwort (Artemisia vulgaris) pollen,
asignificant cause of hay fever all over Europe. Specific immunotherapy isthe
only treatment modality for alergic disease. Application of modified allergens
makes the treatment safer and more efficient. In this work, two out of three (ci-
traconic anhydride, cis-aconitic anhydride, 2,3-dimethylmaleic anhydride) test-
ed anhydrides were proven to be suitable for chemical modifications of aller-
gens. Art v 1 was modified by cis-aconitylation and citraconylation in order to
obtain derivatives of Art v 1 that may be suitable for further immunological test-
ing. Acylation of Art v 1 gave derivatives (cagArt v 1 and citArt v 1) with about
80 % modified amino groups. The derivatives were in the monomeric form and
had dramatically reduced pl values. Both derivatives were relatively stable at
neutral pH values, while the acyl groups undergo hydrolysis under acidic con-
ditions. Modification of alergens by cis-aconitylation and citraconylation could
be anew tool for obtaining alergoids.

Keywords: allergoid; mugwort pollen; Art v 1; chemical modification; allergen-
-specific immunotherapy.

INTRODUCTION

IgE-mediated allergy is a globa problem affecting more then 40 % of the
population in industrialized countries.1 In contrast to symptomatic treatments,
specific immunotherapy (SIT) is the only prophylactic desensitizing therapy for
allergy.23 SIT modifies cellular and humoral responses to alergens by driving
the immune response from the T helper 2 (Th 2) towards the T helper 1 (Th 1)
type and generating allergen-specific regulatory T cells that can suppress the
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360 STANIC et al.

responses of effector T cells, accompanied with an increase in allergen-specific
antibodies of the IgG class (blocking antibodies).# On the other hand, the poten-
tial for local and systemic reactions has forced improvements to the traditiona
use of allergen extracts. The main approaches involve the generation of hypoal-
lergenic derivatives, by chemical modification®6 or protein engineering of re-
combinant allergens,’:8 which are aimed at reducing potentially fatal reactions to
allergen administration during immunotherapy. On the other hand, atered aller-
gens have to retain their immunogenicity, i.e., recognition of the modified aller-
gen by T cells. Finally, it would be useful to have immunogens with an inherent
strong Th 1-skewing potential, which is usually obtained by the usage of an adju-
vant (e.g., amonophosphoryl lipid).°

Scavenger receptors (SR) expressed on antigen presenting cells (APC) bind a
variety of polyanionic ligands, thus delivering them into the endolysosomal path-
way.10 Many proteins are known to become SR ligands when chemically modi-
fied to enhance their negative charge by alteration of the e-amino groups of their
lysine residues with acetic or maleic anhydride.1! It was shown that maleylating
protein immunogens, so that they become SR ligands, leads to a more efficient
antigen presentation to T cell receptors and to a greater immunogenicity with a
dominantly Th 1 type of immune response.12.13 The main problem with usage of
modified immunogens is a reduced immunogenicity as consequence of affinity
loss of T cell receptors for the modified epitopes. Shakushiro et al.14 showed that
ovabumin (OVA) maodified to become more acidic by succinylation (Suc-OVA),
maleylation (Mal-OVA) or cis-aconitylation (Aco-OVA) was efficiently taken up
by dendritic cells (DC) via SR. Mal-OVA and Aco-OVA were efficiently cross-
-presented by DC, while cross-presentation of Suc-OV A was hardly observed. In
contrast to Mal-OV A and Aco-OV A, which are prone to deacylatation in lisoso-
mes, Suc-OVA is chemically stable under acidic conditions. As a consequence,
succinyl groups inhibit ubiquitin conjugation on the lysine residues, which is
important in proteasomal degradation,1® leading to the lack of recognition by T
cellsthrough T cell receptors (TCR).

Although a clear reduction in immunogenicity was observed for many aller-
goids,56 hitherto the approach of reversible modification of alergens with the
aim of preserving immunogenicity and recognition of T-cell receptors has not
been reported.

Mugwort (Artemisia vulgaris) pollen is an important cause of alergy in Eu-
rope. Ninety-five percent of patients with mugwort allergy are sensitized to Art v
1, the sole major allergen in mugwort pollen.16.17

The aim of this work was to modify chemically Art v 1 with new modifying
agents with specific features, i.e., the introduction of highly negative charges that
may enable them to react with scavenger receptors on antigen presenting cells
and their reversible modification that may improve their immunogenicity when
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CHEMICAL MODIFICATION OF Artv 1 361

compared to the traditionally used chemically modified allergens. In this study,
three new chemical agents were tested and the obtained allergoids were bioche-
mically characterized. Purified Art v 1 was modified by citraconic, cis-aconitic
and 2,3-dimethylmaleic anhydride. cis-Aconitylation and citraconylation of Art v
1 gave derivatives (caaArt v 1 and citArt v 1), with about 80 % modified amino
groups and dramatically reduced pl values, which could make them good can-
didate alergoids. The stability of the bond formed enables further animal testing
of these derivatives.

EXPERIMENTAL

Citraconic anhydride, cis-aconitic anhydride, 2,3-dimethylmaleic anhydride and 2,4,6-tri-
nitrobenzensulfonic acid (TNBS) were purchased from Sigma-Aldrich (Steinheim, Germany).
All other chemicals used in thiswork were of analytical grade.

Acylation of Artv 1

Art v 1 was isolated from pollen extract of Artemisia vulgaris and purified by ion-ex-
change HPLC.18 Art v 1 (1.5 mg/ml) in 4 % NaHCO; was treated with the bolus addition of
15 portions of cis-aconitic or dimethylmaleic or citraconic anhydride during 30 min with ex-
tensive mixing at 4 °C. The final anhydride concentration was 400 mM. After every bolus ad-
dition, the pH was adjusted to 9.0 with solid Na,CO5. The mixture was extensively dialyzed
against phosphate buffered saline (PBS) for 20 h at 4 °C. All samples were stored at —20 °C
until use.

Determination of the free amino groups

The free amino groups were determined using the TNBS method.1® The results are ex-
pressed as the means of three different determinations for modified Art v 1 as a percentage of
the number of amino groups determined for the native Art v 1 (expressed as 100 %).

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDSPAGE), native PAGE and
isoelectric focusing (IEF)

Native and modified Art v 1 were analyzed by SDS PAGE (12 % polyacrylamide gels)
under reducing condition using the Laemmli method.2° Molecular weight standards were run
simultaneoudly. Native PAGE was redlized as for the SDS PAGE but under native conditions,
without the addition of SDS in the sample buffer and in the electrophoresis buffer. The protein
bands were stained with Coomassie Brilliant Blue R-250.

High-performance gel filtration liquid chromatography (HPLC)

Size exclusion HPLC was performed using an Akta HPLC system equipped with a Su-
perdex 75 PC 3.2/30 (3.2 mmx300 mm) column (Amersham Pharmacia Biotech, Sweden).
Before analysis, the samples were centrifuged (20 min, 12000 g) and 10 pl of the supernatant
was injected onto the column. The components were eluted with 50 mM Tris buffer pH 8.2
containing 0.2 M NaCl and 1 mM EDTA at aflow rate of 0.05 ml/min and detected at 215
and 280 nm.

Protein concentration determination

The protein concentrations of the native and modified proteins were determined spectro-
photometrically at 280 nm using an extinction coefficient 640 ml mg1 cmrl, calculated for Art
v 1 as described previously.18
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362 STANIC et al.

pH stability

The pH stability of the Art v 1 derivatives was estimated by determination of the free
amino groups remaining after exposure of the derivatives to PBS (pH 7.2), 100 mM acetate
buffer (pH 4.5) or 100 mM phosphate buffer (pH 2.0) at 37 °C for 1, 4 and 18 h. The results
are expressed as means of two different determinations for modified Art v 1 as a percentage of
the number of amino groups determined for the native Art v1 (expressed as 100 %).

RESULTS AND DISCUSSION

In present study, Art v 1 was modified by adding negative charges, which
should, in principle, facilitate SR-mediated uptake and presentation of this aller-
gen by APC and increase its immunogenicity. After treatment of Art v 1 with cis-
-aconitic and citraconic anhydrides, Art v 1 derivatives, caaArt v 1 and citArt v1,
respectively, were obtained with 80 % of the amino groups modified. In the 2,3-di-
methylmaleic anhydride-treated Art v 1, number of amino groups was similar to
that in unmodified Art v 1 (Tablel). As dimethylmaleyl groups easily hydrolyze
at neutral pH,2L it is supposed that Art v 1 was actually modified with 2,3-dime-
thylmaleic anhydride but that this derivative (dmaArt v 1) was hydrolyzed during
the 20 h diaysis against PBS. All derivatives were completely soluble over a
wide range of pH values (2.0-10).

TABLE |. Percent of remaining amino groups after Art v 1 treatment with citraconic, cis-aco-
nitic and 2,3-dimethylmaleic anhydride, estimated by the TNBS method

Derivative Amino groups, %
Artv1 100+2.7
CitArtv 1 23.1+1.8
casArtv 1 222415
dmaArtv 1 96.6+3.8

SDS PAGE demonstrated that caaArt v 1 and citArt v 1 were monomers with
molar masses virtually indiscernible from that of unmodified Art v 1 (Fig. 1a).
The size exclusion chromatograms (Fig. 2) show that, according to the retention
times of the derivatives, citArt v 1 (t, = 22.35 min) and cagArt v 1 (t, = 21.83 min)
had dightly increased molecular masses compared to unmodified Art v 1 (t, = =
23.69 min). Retention of the monomeric structure, with molar masses similar to
that of native Art v 1, as well as their complete solubility, makes these derivati-
ves promising candidates as immunogens for allergen immunotherapy.

The native PAGE results show that the derivatives were very acidic in con-
trast to native Art v 1 (pl around 8), which did not even enter into the running gel
(Fig 1b). caaArt v 1 was more acidic than cit Art v 1 because it has one carboxyl
group more per introduced acyl group. By IEF, it was observed that the pl value
of the derivatives was lower then 3.5 (results not shown). These results suggest
that these derivatives with a very high negative charge density could be good SR
ligands. Also with a so significantly altered structure, it is expected that the IgE
binding would be dramatically reduced.
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1

2
(b)
Fig. 1. @) SDS PAGE of unmodified Art v 1 (lane 1), caaArt v 1 (lane 2) and citArt v 1

(lanel); b) native PAGE.
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Fig. 2. Size exclusion chromatograms of native Art v 1 (panel A),
CitArt v 1 (panel B) and caaArt v 1 (panel C).

The pH stability test of the Art v 1 modifications showed that at physiolo-
gical pH (pH 7.4), the half life is 30 and 25 h for caaArt v 1 and citArt v 1, res-
pectively. At pH 4.5 (pH in the lysosoma compartment), the half-life of caaArt v
1 and citArt v 1 was 6 and 2 h, respectively. Finally, at pH 2.0, the half-life of
both derivatives was about 2 h (Fig. 3). The stability of the derivatives at pH 7.0
should enable their relatively long half-life in circulation. On the other hand, their
short half-life in an acidic environment, such as lysosomes during antigen proces-
sing, should enable these modified allergens to retain immunogenicity, i.e. to sti-
mulate allergen specific T cellsin asimilar manner to native alergens.

In order for a protein to act as a good SR-ligand, it must have a certain ne-
gative charge density. On the other hand, a too high level of acetylation or succi-
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364 STANIC et al.

nylation (which could provide this property) might decrease immunogenicity and
T cell recognition. In contrast, a high degree citraconylation and cis-aconitylation
generates two and three times greater negative charge density compared to ace-
tylation (and, consequently, giving much better ligands for SR). A further poten-
tial advantage of the studied chemical modifications is the expected hydrolysis of
acyl groups during antigen processing, which should alow the generation by an
APC of the same set of peptides as the native alergen. This could be especially
important because it was shown that T cell responseto Art v 1 is characterized by
one strong immunodominant epitope of 15 amino acids, containing up to three
lysine residues.?2
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CHEMICAL MODIFICATION OF Artv 1 365

CONCLUSIONS

In this work, the preparation of reversibly modified Art v 1, the major mug-
wort allergen, by treatment with citraconic, cis-aconitic anhydride and 2,3-dime-
thylmaleic anhydridesis described. Acylation of Art v 1 by treatment with citra-
conic and cis-aconitic anhydride gave highly negatively charged derivatives (caaArt
v 1 and citArt v 1). As 2,3-dimethylmaleyl derivative was hydrolyzed rapidly even
at neutral pH values, this derivative was too unstable to be studied further and
thereby was dismissed as a potential allergoid candidate. Additionally, the low
stahility of caaArt v 1 and citArt v 1 in an acidic environment would enable the
complete retention of the specificity of the unmodified alergen. Modification of
alergens by cis-aconitylation and citraconylation could be a new strategy for
safer and more efficient allergen-specific immunotherapy. The derivatives ob-
tained by citraconic and cis-aconitic anhydride treatment are suitable for further
immunological testing.

Acknowledgment. The work of the authors was supported by the Ministry of Science of
the Republic of Serbia (Grant No. 142020).

U3BOJ

XEMUJCKE MOIV®UKAITUIE Art v 1, TJTABHOT AJIEPTEHA Artemisia vulgaris,
CisAKOHUTHIIOBAKBEM U [IMTPAKOHUJIIOBALEM

JPATAHA CTAHI/ITll, JIMIUTA BYPA3EP2, MAPUIJA FABPOBI/ITl-JAHKyJ'[OBI/ITl?’,
PATKO M. JAHKOB® u TAIA RUPKOBW BEJTMUKOBUR®
1I/Ichﬁuu7yu7 3a xemujy, wiexnoaozujy u meitianypaujy — Llenitiap 3a xemujy, hezowesa 12, 11001 Beozpao,
2Uncmuimyim 3a suponozujy, eaxyune u cepyme — Topaax, Bojeode Citieiie 458, 11221 Beozpad u
SXemujcku paxyaitieims, Yuusepauitieii y beozpady, Citiydeniticku @ipz 16, 11001 Beozpad

Art v1 je rmaBHu anepred mojeHa upHor nenunaa (Artemisia vulgaris), 3HauajHOr y3pouHHKA
MOJICHCKE TPO3HUIle mupoM EBporne. AsnepreH-crenupuyHa MMyHOTEpaIija je 3a caia jeIuHu Je-
JIOTBOPaH HAYHWH 33 TPETUPAE allepruja, Mpu YeMy IprMeHa MOAU(UKOBAHHUX allepreHa YMHH OBa-
KaB TpeTMaH 6e30eAHHjUM M euKacHHjUM. Y OBOM pajny, JBa o TpH (aHXHApUA CiS-aKOHHTHE,
LUTPAKOHCKE U 2,3-AMMETUIMAICHHCKE KUCEIMHE) NCTUTHBAaHA aHXUPH/IA Cy Ce T0Ka3aa IOoro/-
HUM 3a xemujcke Moaudukanuje anepresa. Art vV 1 je moanpukoBan CiS-aKOHUTHIIOBAGEM U IIUT-
PaKkoOHWIIOBakEM Yy LHJbY JNoOWjama nepuBaTa Art V 1 morogHux 3a Jajbe UMYHOJIONIKE TECTOBE.
AnmnnoBamem Art v 1 nobujenu cy nepusatu (CagArt v 1 u citArt v 1) ca oxo 80 % usmoaunduko-
BaHHX aMHHO rpyna. JloOHjeH: 1eprBaTH Cy MOHOMEPHH, Ca MOJICKYJICKOM MacOM CIIMYHOM HaTHB-
HoM Art v 1, anu ca apamatuyHo cMameHHM Pl BpeaHoctiuMa. OGa nepuBarta Cy peslaTHBHO CTa-
OWiIHa y HEYyTPaJHOj, AOK C€ Y KHCEI0j CPEOUHHU alluil rpyne Xuapoinsyjy. Moaudukammja anep-
reHa CiS-akOHMTHIIOBAKkEM M IUTPAKOHMIIOBAEM MOXKE OUTH HOBH Ha4yMH 32 J0OHjare alleproua.

(ITpumsbeno 19. centem6Gpa, peuaupano 6. HoemOpa 2008)
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Phytochemical analysis and gastroprotective activity
of an olive leaf extract
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Abstract: Some medicinal features of olive leaf have been known for centuries.
It has been traditionally used as an antimicrobial and to prevent and treat dia-
betes mellitus and heart disease. Whether olive leaf, a natural antioxidant, in-
fluences the gastric defense mechanism and exhibits gastroprotection against
experimentally-induced gastric lesions remains unknown. In this study, the
content of total phenols, total flavonoids and tannins in olive leaf extract (OLE)
were determined. Seven phenolic compounds were identified and quantified
(oleuropein, caffeic acid, luteolin, luteolin-7-O-glucoside, apigenine-7-O-glu-
coside, quercetin, and chryseriol). Furthermore, the protective activity of the
OLE in gastric mucosal injury induced by a corrosive concentration of ethanol
was investigated. In relation to the control group, pretreatment with OLE (40,
80 and 120 mg kg'!) significantly (p < 0.001) attenuated the gastric lesions
induced by absolute ethanol. The protective effect of the OLE was similar to
that obtained with a reference drug, ranitidine. The results obtained indicate
that OLE possesses significant gastroprotective activity, and that the presence
of compounds with antioxidative properties would probably explain this effect.

Keywords: olive leaf extract; phenols; flavonoids; tannins; gastroprotection.

INTRODUCTION

Research on flavonoids and other polyphenols, their antioxidant properties,
biological activities and their effects in disease prevention truly began in the last
decade. There is an increasing interest in medicinal plant extracts, the greatest va-
lue of which may be due to constituents that contribute to the modulation of the
oxidative balance in vivo. Benefits of the olive (Olea europaea L.) leaf have been

* Corresponding author. E-mail: ddekan@sezampro.rs
doi: 10.2298/JSC0904367D
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known for centuries and it has been traditionally used to prevent and treat dif-
ferent diseases.

Olive leaf is used to enhance the immune system, as an antimicrobial and in
heart disease. Folk medicine uses also include hypertonia, arteriosclerosis, rheu-
matism, gout, diabetes mellitus, and fever.! Recently, experimental animal stu-
dies have demonstrated hypoglycemic,?-3 hypotensive,# anti-arrhythmic, anti-athe-
rosclerotic,® and vasodilator effects,” as well as a stimulatory effect on the acti-
vity of the thyroid.® Antimicrobial,~12 antiviral,!3-14 anti-tumor,!5-16 and anti-
-inflammatory activity!7 were also reported.

Despite the number of papers published on olive leaf and the effects of its
constituents, none has focused on its influence on the gastric defense mechanism
and gastroprotective activity.

It is well known that oleuropein, one of the iridoide monoterpenes, is the
main phenolic constituent of olive leaves, which is thought to be responsible for
their pharmacological effects. Furthermore, olive leaves contain triterpenes, fla-
vonoids, and chalcones.!-18 Its chemical content makes olive leaf one of the most
potent natural antioxidant.

The gastric mucosa plays the role of a barrier that limits exposure of the gas-
tric mucosal cells to numerous injurious luminal agents and irritants of exoge-
nous and endogenous origin. Pretreatment with different substances could effe-
ctively prevent the gastric mucosa from the development of erosions and ulce-
ration. This action, called gastro- or cyto-protection is not related to the inhibition
of gastric acid secretion and is known to account for gastroprotection by various
irritants. The role of oxygen-derived free radicals in the generation of gastric in-
jury is also well-known. Effects of reactive oxygen species (ROS) on the gastric
mucosa in various experimental models of stress-induced mucosal injury were
proven. Previous studies demonstrated that the damaging action of absolute etha-
nol could be attributed to the enhancement of the ROS and the ROS-dependent
increase in lipid peroxidation and inhibition of antioxidative enzyme activity.!®

In light of the above considerations, the chemical composition and the pro-
tective effect of an olive leaf extract (OLE) on ethanol-induced gastric mucosal
damage in rats were investigated, since in this experimental model the patho-
genesis of the lesions has been related with production of reactive oxygen spe-
cies. This study represents the first step in the recognition of the gastroprotective
properties of the olive leaf.

EXPERIMENTAL

Materials

Standardized dry olive leaf extract, EFLA® 943, was purchased from Frutarom Industry
Ltd. (Wédenswil, Switzerland). Ranitidine tablets were obtained from Galenika a.d. (Belgra-
de, Serbia). Sodium bicarbonate (analytical grade) was purchased from Sigma-Aldrich (Schnell-
dorf, Germany). Analytical grade reagents ethyl acetate, acetone, hydrochloric acid (HCl) and
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absolute ethanol were purchased from Merck (Darmstadt, Germany). HPLC grade acetonitrile
(MeCN) and methanol were also purchased from Merck (Darmstadt, Germany). Reference
HPLC standards were purchased from Carl Roth (Karlsruhe, Germany).

Determination of total phenols content

The total content of phenols was determined by the Folin—Ciocalteu method.?? A total of
100 ul of a methanolic solution of dry extract (17.5, 13.1, and 8.8 pg ml-! final quantity) was
mixed with 0.75 ml of Folin—Ciocalteu reagent (previously diluted 10-fold with distilled wa-
ter) and allowed to stand at 22 °C for 5 min; 0.75 ml of sodium bicarbonate (60 g 1'!) solution
was added to the mixture. After 90 min at 22 °C, the absorbance was measured using a
Hewlett Packard 8453 UV—Vis spectrophotometer (Agilent Technologies, Santa Clara, CA) at
Jmax 725 nm. Results are expressed as gallic acid equivalents (GAE), and presented as mean =+
+ standard deviation (SD) of three determinations.

The percentage content of tannins was calculated using the method described in the Eu-
ropean Pharmacopoeia, Ph. Eur., 6.0.2! The content of tannins, expressed as pyrogallol per-
centage, is presented as the mean = SD of three determinations.

Determination of total flavonoids content

The percentage content of flavonoids expressed as hyperoside was calculated using the
method described in the Deutsches Arzneibuch, DAB (German Pharmacopoeia) 10.22 Briefly,
the sample was extracted with acetone/HCI under a reflux condenser; the AICl; complex of
the flavonoid fraction was extracted with ethyl acetate and measured by a UV—Vis spectro-
photometer at 4,,,, 425 nm. The content of flavonoid, expressed as the hyperoside percentage,
is presented as the mean + SD of three determinations.

High pressure liquid chromatography (HPLC) procedure

A HPLC fingerprint of the extract and quantification of the identified compounds was
achieved by HPLC (Agilent Technologies 1200). Detection was performed using a diode
array detector (DAD) and the chromatographs were recorded at 4 = 260 nm (for flavonoids
and oleuropein) and at 325 nm (for caffeic acid). The spectra recorded at 360 nm were used to
identify luteolin and chryseriol. HPLC separation of components was achieved using a Li-
Chrospher 100 RP 18e (5 pm), 250 mmx4 mm i.d. column with a mobile phase flow rate of
1.0 ml min'!. The mobile phase A consisted of 500 ml of H,O plus 9.8 ml of 85 % H3PO,
(w/w), while B was MeCN. A combination of gradient modes: 92-75 % A, 0—8 min; 75-60 %
A, 35-55 min and 60-50 % A, 55-60 min. The sample was prepared by dissolving 66.4 mg of
the extract in 10 ml of methanol, filtered through 0.20 pum PTFE membrane filters. The iden-
tification was realized according to retention time and spectra matching. Once spectra match-
ing succeeded, the results were confirmed by spiking with the respective standards to achieve
a complete identification by means of the so-called peak purity test. Peaks not fulfilling these
requirements were not quantified. Quantification was performed by external calibration with
standards.

Gastric lesions induction and evaluation

This study was approved by the Ethical Committee, School of Medicine, University of
Belgrade, and run in accordance to the statements of the European Union regarding the hand-
ling of experimental animals. Wistar male rats (z = 30), weighing between 200 and 220 g
were randomly divided into 5 groups. The animals were placed in individual metabolic cages.
Before the experiment, they were fasted overnight, but had free access to water.
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The first, control group, received distilled water intragastrically (i.g.) 30 min prior to
administration of 1.0 ml absolute ethanol. Three different doses of OLE were applied on the
next three groups, and finally, the last group (positive control) received 50 mg kg™! of raniti-
dine, an H, receptor antagonist, as a reference drug. For extrapolation of the dosage from hu-
mans to rats, the metabolic body size or food intake rather than body weight was used as the
criterion.23-2% Hence, 40 mg kg! of OLE was administered as the minimum dose but higher
doses of 80 and 120 mg kg'! were also given to test for a dose response. Both OLE and rani-
tidine were suspended in distilled water before administration. One hour after i.g. applied
ethanol, the animals were sacrificed under the light ether anesthesia, the abdomen was opened
by a midline incision, the stomach was removed, opened along the greater curvature, rinsed
gently with water and pinned open for macroscopic examination and for photodocumentation
by a digital camera (Hewlett Packard PhotoSmart R507). The areas of gastric lesions were
measured by planimetry using the NITH ImageJ computer program?® and the ulcer index (UI)
were estimated from the formula:

UI = (Ulcerated area/Total stomach area)x100

Results are expressed as means + SD. Statistical analysis was achieved using the #-test.
Differences with p < 0.05 were considered as significant.

RESULTS AND DISCUSSION

Many different commercial preparations of olive leaf and extracts are avail-
able and vary in strength. Various extraction techniques, as well as different
origin of the olive leaves, results in some differences in the chemical composition
of the extracts. Standardization of commercially available extracts is strictly
based on their oleuropein content, although other constituents of olive leaf are
not less important in explaining its medicinal features but data are unavailable.

In this study, an olive leaf extract standardized to 18-26 % of oleuropein,
with confirmed stability and chemical and microbiological purity, was employed.

Group of active constituents

Quantitative analysis of the contents of total phenols, flavonoids and tannins
were performed.

The total phenols content of the OLE, determined by the Folin—Ciocalteu
method, was 197.8+11.3 ug GAE per g of dry extract. This indicates the expec-
table high total phenols content (19.8 %) of the OLE. Further phytochemical in-
vestigation yielded flavonoids and tannins, 0.29 and 0.52 %, expressed on total
dry OLE, respectively.

Flavonoids are a widely distributed group of polyphenolic compounds, iden-
tified in recent years as antioxidants in various biological systems. It is well known
that one of the important effects of flavonoids is the scavenging of oxygen-deri-
ved free radicals, and that flavonoids can prevent injury caused by free radicals,
including experimentally induced gastric mucosal injury.26-27

Low concentration of tannins are known to “tan” the outermost layer of the
gastric mucosa and to render it less permeable and more resistant to chemical and
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mechanical injury or irritation.28:29 The gastroprotective effect of tannins was ex-
perimentally confirmed when the administration of tannins was found to signi-
ficantly lower stomach free radical concentrations in rats.30

In order to further elucidate the chemical composition of the OLE, the phe-
nolic compounds were identified and quantified.

Analysis of the OLE by HPLC revealed a complex mixture of phenolic com-
pounds (Fig. 1). It was intended to identify ten components of the OLE and seven
of them were found.

50 ] 4 9
4 5 6
25 J Mixture of standards 7+8
] 1 3
2 11— 2 | > 10
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Fig. 1. HPLC chromatogram of the olive leaf extract recorded at 260 nm and compared to the
standard mix of identified compounds. The numbers refer to the following: 1, caffeic acid;
2, vanillin; 3, rutin; 4, luteolin-7-O-glucoside; 5, apigenine-7-O-glucoside; 6, oleuropein;
7, quercetin; 8, luteolin; 9, apigenine; and 10, chryseriol. *Impurity from caffeic acid;
**impurity from the oleuropein standard.

The major constituent of the OLE was oleuropein (Fig. 2), composing 19.8 %
of the extract (Table I). The antioxidant properties of oleuropein are well known.
It exhibited high antioxidant activity in vitro, comparable to a hydrosoluble ana-
log of tocopherol3! and exhibited strong antioxidant protection in oxidative stress
during ischemia-reperfusion in an in vivo experimental model.32

The other identified components were caffeic acid, luteolin-7-O-glucoside,
apigenine-7-O-glucoside and quercetin (Fig. 2). These constituents of the olive
leaf also exert antioxidative properties, which was experimentally confirmed in
several studies.33-34 Moreover, it was shown that a total olive leaf extract had an
antioxidant activity higher than that of vitamin C and vitamin E, due to the sy-
nergy between the flavonoids, oleuropeosides and substituted phenols.33
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Fig. 2. HPLC chromatogram of the olive leaf extract recorded at 260, 360 and 325 nm with
the spectrum of identified compounds and compared to the UV spectra of reference standards.
The numbers refer to the following: 1, caffeic acid; 4, luteolin-7-O-glucoside; 5, apigenine-7-
-O-glucoside; 6, oleuropein; 7, quercetin; 8, luteolin and 10, chryseriol (4’ refers to a derivate

of luteolin, taking into account the spectrum of the corresponding peak).
**Impurity from the oleuropein standard.

Luteolin and chryseriol were also isolated from the extract of olive leaves.!”
Since in this study they were present only in the traces (Table I), they did not
significantly contribute to the total flavonoid content.
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TABLE I. Quantitative determination of flavonoids, phenolcarbonic acids and oleuropein in
the studied olive leaf extract

Compound name? Amount

mg %
Caffeic acid (1) 0.013 0.02
Vanillin (2) Not found -
Rutin (3) Not found -
Luteolin-7-O-glucoside (4) 0.027 0.04
Apigenine-7-O-glucoside (5) 0.046 0.07
Oleuropein (6) 13.147 19.8
Quercetin (7) 0.027 0.04
Luteolin (8) Trace® -
Apigenine (9) Not found -
Chryseriol (10) Trace® -

3The numbers refer to the compounds marked on the HPLC chromatogram (Figs. 1 and 2); bdetermination was
not possible — present in the extract under the limit of quantitative analysis

Luteolin-7-O-glucoside is widespread in plant species and its anti-radical ac-
tivity is well-known. Its presence in olive leaf was previously confirmed,12:35 as
well as its anti-ulcer activity.2® This flavonoid was also identified and quantified
in this study, composing 0.04 % of the extract (Table I).

Apigenine, vanillin and rutin were identified in olive leaf in some analytical
studies.!2.33.35 Their presence was not confirmed in this investigation, but 0.04
% of quercetin, 0.07 % of apigenine-7-O-glucoside and 0.02 % caffeic acid (Tab-
le I) were found.

Quercetin is the most abundant of the flavonoid molecules and it is found in
many medicinal botanicals. It has been reported to prevent gastric mucosal le-
sions induced by ethanol.3¢ Quercetin increases the amount of neutral glycopro-
teins in the gastric mucosa3” and thus participates in the recovery of the mucosal
defensive capacity against aggression from absolute ethanol. Other possible me-
chanisms include inhibition of lipid peroxidation,3® inhibition of the gastric pro-
ton pump,37 and scavenging of free radicals associated with a significant enhan-
cement in the glutathione peroxidase activity.38

Radical scavenging abilities for apigenine-7-O-glucoside and for caffeic acid
were also reported.33

Effect of intragastrically applied OLE on gastric lesions induced by absolute ethanol

There are various plant-originating gastroprotectors with different composi-
tions that have been used in clinical and folk medicine due to their beneficial
effects on the gastric mucosa. The documented literature has centered primarily
on their pharmacological action in experimental animals. Many studies have de-
monstrated that substances with antioxidant properties (especially polyphenolic
compounds) may protect against the gastric-damaging effects of absolute etha-
nol.39-42 The beneficial properties of the polyphenols of olive leaf, the same as in
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olive oil, are further enhanced by their good bioavailability. The results obtained
for oleuropein and its metabolites, tyrosol and hydroxytyrosol, indicated that they
are readily absorbed through the gastrointestinal tract, resulting in significant
levels in the circulation.43:44

In this study, the protective effect of OLE, a natural antioxidant, on the gas-
tric mucosal damage induced by absolute ethanol in rats was studied.

The administration of absolute ethanol to fasted rats resulted in severe gas-
tric damage, visible from the outside of the stomach as thick reddish-black lines.
After opening, gastric lesions were found in the mucosa and consisted of elonga-
ted bands, 1-10 mm long, usually parallel to the long axis of the stomach. They
were located mostly in the corpus, the portion of the stomach secreting acid and
pepsin. No visible lesions developed in the non-secretry part of the stomach.

The effect of absolute ethanol and pretreatment with OLE applied i.g. in
graded concentrations, as well as ranitidine, on the ulcer index, Ul, is shown in
Fig. 3. Ethanol caused typical widespread gastric lesions on 14.74+5.5 % of total
stomach area. Pretreatment with all three doses of OLE significantly (p < 0.001)
reduced gastric lesions induced by absolute ethanol. The best result was obtained
in group pretreated with 80 mg kg~! of OLE, when the ethanol caused gastric le-
sions on only 2.6+1.4 % of the total stomach area. The gastroprotective effect of
OLE was similar to that achieved by pretreatment with the known anti-ulcer drug,
ranitidine, when the Ul was 3.6+£0.8 %. Hence, the useful role of gastric anti-sec-
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Fig. 3. Effect of intragastric pretreatment with olive leaf extract (OLE) applied in graded
doses ranging from 40 up to 120 mg kg'! and ranitidine (50 mg kg'!) on the ulcer index
induced by absolute ethanol. The asterisk indicates statistical significance
of inhibition (p < 0.001), as compared to the control value.
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retry medication in the prevention of gastric mucosal damage was also confirmed.

The obtained results indicate that the gastroprotective potential of OLE most
probably results from the ability of its constituents to scavenge reactive oxygen
species, produced in ethanol-induced gastric injury, which initiate lipid peroxi-
dation. The actual potential is probably related to its ability to maintain the integ-
rity of the cell membrane, by its anti-lipid peroxidative activity and to protect in
this way the gastric mucosa against oxidative damage, and by its ability to
strengthen the mucosal barrier, the first line of defense against exogenous and
endogenous ulcerogenic agents.

CONCLUSIONS

The investigated olive leaf extract caused a significant attenuation of the gas-
tric damage induced by a corrosive concentration of ethanol, suggesting a res-
pectable gastroprotective activity. This activity could be related to its antioxi-
dative properties, since phytochemical analysis of OLE showed a high content of
phenolic compounds, well-known antioxidants. However, in order to elucidate
the mechanism of OLE gastroprotective effect, and to understand better the ac-
tual potential, further investigation will be focused on the determination of lipid
peroxidation and antioxidative enzyme activity in the gastric mucosa.

Acknowledgement. The authors thank Ministry of Science and Technological Develop-
ment, Republic of Serbia, for financial support (project No. 20137).

N3BOJI

OUTOXEMUNICKA AHAJIM3A N TACTPOITPOTEKTHBHO JEJCTBO
EKCTPAKTA JIUCTA MACJIMHE

JIPATAHA JIEKAHCKH', CHEXAHA JAHWRAJEBUR-XYIOMAJIZ, BAIA TAJURS,
[OPAH MAPKOBUR?, UBAHA APCUR> u JYIIIAH M. MUTPOBUR*

! Buomeoununcka uciiuimiusarba, Unciiuiiyit 3a uciipaxcusarve u pazeoj, lasenuxa a.0., Hacitieposa 2, 11000
Beozpad, *Kaitiedpa 3a papmaxonozujy, Meduyuncku axyitieis, Yuusepauitiein y Hpuwmiunu (Kocoscka
Muitiposuya), > Hncitiuitiyi 3a ipoyuasarse aekosuitio? 6uma “Ip Jocugp Manyuh’, Tadeyuwa Kowhyuika 1,
11000 Beozpad u * Uncitiuitiy i 3a meduyurcky gusuoaozujy, Meduuurcku gaxyaiiei,
Ynuusepauitieii y beozpady, Buwezpaocka 26, 11000 beozpao

Heka nexkoBuTa CBOjCTBA JIMCTA MAacjiuHE Cy HO3HaTa BeKoBMMa. OH ce TPaAMLMOHAIHO KO-
PHCTH Ka0 aHTHMMHUKPOOHH arcHC W 3a MPEBEHIMjy U Jieuewme mehepHe Oonect U cpyaHux 000-
Jberba. OcTalo je Hemo3HaTo Ja JM NMpUMEHa JIMCTa MaciiHe yTH4Ye Ha of0paMOeHe MeXaHH3Me
CITy3HUIIE JKeIyIla U J1a JH TI0Ka3yje TacTPONPOTEKTUBHO JEjCTBO KOJ| EKCIIEPUMEHTAITHO WHIYKO-
BaHUX JIe3dja JKkelyna. Y eKCTPakTy JINCTa MaciiHE HpBO je onpelheH campikaj yKynHHX (eHoma,
(maBoHOWA W TaHWHA, a TIOTOM HIACHTU(HKOBAHO M KBAaHTU(HUKOBAHO 7 (EHOJIHHX jCOUICHA
(oneyponenH, KadeHa KUCEIMHA, JIYTEONIMH, JIYTEONMH-7-O-TIyKO3uJ, alureHuH-7-O-TIIyKOo3un,
KBEPLETUH M XpU3epHoil). VCnuTaHo je W NPOTEKTHBHO JEjCTBO EKCTPaKTa JINCTAa MACIUHE KOJ
omrehema xelyJadyHe MyKo3e KOPO3UBHOM KOHIIEHTpalujoM etaHona. [IperperMaH eKcTpakToM
nMcTa MacimHe y gosama on 40, 80 u 120 mg kg 3Hauajuo je cMamuo omrreheme xenyna y
OJIHOCY Ha KOHTpOJHY rpymy (p < 0,001). OBo nejcTBO je OMII0 CIMYHO €jCTBY peepeHTHOT JieKa,
panutuauHa. JJoOMjeHN pe3yaTaTH yKa3yjy Ja eKCTPaKT JIFcTa MaclHe TIoceIyje 3HauajHo racTpo-
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MPOTEKTUBHO JIjCTBO, KOje OH ce TOHEKIe MOTJI0 00jaCHUTH MPUCYCTBOM aHTHOKCHIAHACA Y FEeTo-
BOM XEMHjCKOM CacCTaBy.

(ITpumsbeno 8. centemOpa, peBuupano 7. HoBemOpa 2008)
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Abstract: The interaction between trypsin, a prototype S1 serine protease, with
heparin and its low molecular weight derivative dalteparin were investigated.
Direct inhibition of the proteolytic activity of trypsin by heparin and dalteparin,
used in concentrations typical for their clinical application, was detected. The
half-maximum inhibition of the trypsin activity was achieved at 15.25+1.22
pug/mL for heparin and was estimated to be at 58.47+15.20 ug/mL for dalte-
parin. Kinetic analyses showed that heparin and its low molecular weight deri-
vative dalteparin inhibited trypsin by occupation of an exosite, producing non-
competitive and mixed inhibition, respectively. Heparin as a noncompetitive
inhibitor with constant of inhibition Kj; , = 0.151+0.019 pM and dalteparin
with Kj; = 0.202+0.030 uM and Kj, = 0.463+0.069 uM in mixed inhibition
both represent moderate inhibitors of serine protease trypsin. The obtained con-
stants of inhibition indicate that under the clinically applied concentrations of
heparin and dalteparin, trypsins and their homolog S1 serine proteases could be
directly inhibited, influencing the delicate control of proteolytic reactions in
homeostasis.

Keywords:. serine proteases; heparin; dalteparin; inhibition.

INTRODUCTION

Trypsin (EC 3.4.21.4) is a member of the serine protease S1 family. The ca-
talytic activity of the S1 trypsin family is provided by a charge relay system in-
volving serine, histidine and aspartic acid. The sequences in the vicinity of the
serine and histidine residues in the active site are well conserved in this family.1
Proteases known to belong to the serine protease S1, often called trypsin family,
are: blood coagulation factors Vlla, 1Xa, Xa, Xlaand Xlla, thrombin (118), plas-
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min, activated protein C, trypsins I, 11, 1lI, and 1V, chymotrypsins, etc.2 Several
distinct mechanisms exist for the control of peptidase activity, but inhibition is of
particular importance. Peptidases from the family S1 are inhibited by diverse
group of inhibitors, including low molecular weight natural and synthetic inhi-
bitors for research or therapeutic purposes, and also natural proteinaceous inhibi-
tors. Natural inhibitors of proteases represent a structurally heterogeneous group
of substances from low-molecular weight to macromolecular, originating from
animals, plants and microorganisms.2 Their great importance and particular reason
for intensive and constant investigation are related to their potential application in
therapy of different diseases, including such serious ones as Alzheimer or AIDS.34

Heparin is naturally occurring polyanionic glycosaminoglycan with a mole-
cular mass of about 1520 kDa, and extreme acidic properties.® Heparin causes
significant structural and functional alterations of trypsin, as the prototype S1 se-
rine protease, in a paradoxical manner which strongly depends on heparin dose,
trypsin—heparin ratio and the experimental conditions (pH, presence of salts,
time),> including inhibition at concentrations of up to 60 mg/L and almost com-
plete losts of activity at concentrations from 120-400 mg/L.6 Specific, but less
intense alterations of the structure and function of trypsin caused by heparin in
concentrations from 660 mg/L have been recognized as an oxidative mechanism
of radical generating binding property of heparin.6 Actually, it was demonstrated
that heparin is capable of generating radicals after its binding to trypsin, which is
of particular physiological importance. Additionally, even at the lowest concen-
trations which trigger radical production, heparin specifically binds to trypsin.6
Acting as a very efficient anticoagulant, heparin binds to serpin (serin protease
inhibitor) peptidase inhibitor antithrombin 111 (AT-111), which inactivates throm-
bin and other proteases involved in blood clotting.” It should be mentioned that
from an administrated dose of heparin of about 32000 U per 24 h for 70 kg pa-
tients, by continuous infusion of 40 U/mL, only one third binds to antithrombin.8
It was found that the inhibitory effect of heparin is mostly indirect, even though it
may affect proteolytic enzymes through direct inhibition.®

L ow-molecular-weight-heparin (LMWH), dalteparin, has a molecular mass
of 46 kDa and a chain length of 13-22 sugars. Results obtained in clinical trials
of heparin and dalteparin as anticoagulants confirmed the significance of both
used glycosaminoglycans in anticoagulation by an indirect inhibition of blood
clotting serine proteases.10

The specific interactions between heparin and LMWH with S1 serine pro-
teases from blood clotting have been investigated and described.11.12 However,
to date, no kinetic data of the direct inhibition of S1 serine proteases by heparin
and low molecular weight heparin have been reported. The present investigation
was designed as a model system to eval uate the interaction between the prototype
S1 serine protease trypsin with heparin and its derivative dalteparin, as inhibitory
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substances. Kinetic data and an inhibition model of heparin and dalteparin on the
proteolytic activity of serine protease trypsin were determined.

EXPERIMENTAL
Chemicals

Bovine trypsin (T-4665, Sigma Chemicals Co., St. Louis, MO) was used without further
purification. Heparin (Galenika, Belgrade, Serbia) and LMWH — dalteparin (Hemopharm, Vr-
Sac, Serbia, in cooperation with Sanofipharm, France) were used in appropriate dilutions in
the corresponding buffers. BAPNA (N*benzoyl-DL -arginine-p-nitroanilide) and casein Ham-
merstein were purchased from Sigma Chemicals Co., St. Louis, USA. All chemicals were of
analytical grade.

Standard enzyme assays

The proteolytic activity of trypsin on N%benzoyl-DL-arginine-p-nitroanilide as the sub-
strate was determined according to a modified method of Erlanger.13 BAPNA, in afinal con-
centration of 10 mM (stock solution), was prepared by dissolving in 0.050 M Tris buffer pH
8.2 containing 0.020 M CaCl, and 2 % (v/v) dimethylformamide. Into 0.50 mL of the BAPNA
solution (4.5 mM), 0.10 mL of enzyme solution, containing 0.10 mg of trypsin (9.0 ug/mL)
(specific activity on N”-benzoyl-L-arginine-ethyl ester hydrochloride (BAEE): 8750 U/mg)
was added, the volume adjusted to the final 1.1 mL with Tris buffer pH 8.2 and the reaction
mixture was incubated 15 min at 37 °C. The absorbance of the clear supernatant was
measured at 410 nm using a spectrophotometer, Ultrospec K, Sweden. The concentration of p-
nitroaniline was calculated using a standard curve. One unit of enzyme activity was defined as
the amount of enzyme that liberated 1.0 umol of p-nitroaniline per minute under the test
conditions.

The proteolytic activity on casein as the substrate was determined according to a modi-
fied method of Kunitz14 and Van der Walt.1> Casein was dissolved in Tris buffer pH 85to a
final concentration of 1.0 % (m/v). Into 0.50 mL of casein solution, 0.10 mL of enzyme so-
lution containing 0.10 mg of lyophilized trypsin powder (9.0 ug/mL, specific activity on
BAEE 8750 U/mg) was added and reaction mixture was incubated 15 min at 37 °C. The re-
action was stopped with 1.0 mL of trichloroacetic acid (TCA) solution (30 %) and centrifuged
at 3000 rpm for 10 min. The absorbance of the clear supernatant was measured at 280 nm.
One unit of enzyme activity was defined as the amount of enzyme that decreased the
absorbance by 0.0010 after 15 min under the test conditions.

The effect of heparin and dalteparin on the trypsin activity

The effect of different concentrations of heparin: 500 |U (0.21 uM), 1000 1U (0.42 uM),
1500 U (0.63 uM), 2000 IU (0.84 uM), 2500 IU (1.05 uM); and dalteparin: 1025 U (1.31
uM), 2050 U (2.62 uM), 3075 1U (3.93 uM), 4100 IU (5.24 uM), 5125 1U (6.55 uM) on the
trypsin activity (the same concentration as in the standard assay) against BAPNA and casein
was performed. A mixture of total volume of 1.1 mL containing: 0.10 mL of enzyme solution
and 1.0 mL of inhibitor solution was pre-incubated for 5 min at 37 °C. After the addition of
0.50 mL of BAPNA or casein solution, activity was monitored as described in the standard
assay methods. The control was the enzyme solution without inhibitors, supplemented with
buffer solution to afinal volume of 1.1 mL. The activity of the control was defined as 100 %.
The half-maximum inhibitory concentrations (ICsq values) of heparin and dalteparin for tryp-
sin were determined mathematically by derivation of the best-fit line using an online | Cs, cal-
culator from BioFitData software package (ChangBioscience).16
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Kinetic parameters

Enzyme assays on trypsin were performed with BAPNA as the substrate, in concen-
trations of: 10.0 mM, 5.00 mM, 2.50 mM, 1.25 mM, 0.623 mM and 0.313 mM and different
concentrations of inhibitors, i.e., heparin: 0.84 uM, 0.42 uM, 0.21 uM; and dalteparin: 3.93
uM, 2.62 uM, 1.31 uM. The final volume of 1.1 mL of the reaction mixture contained: 0.10
mL of enzyme solution and 1.0 mL of inhibitor. After pre-incubation for 5 min at 37 °C, 0.50
mL of BAPNA solution was added and absorbance at 410 nm was monitored after the 1% and
2nd minute of reaction. The control was the enzyme solution without inhibitor.

To determine kinetic parameters and mode of action of the tested substances on the tryp-
sin activity, the curve fitting software package Ez-fit was used.}” All enzyme assays were per-
formed in duplicate with the control (test without inhibitor) and the data were fitted to the
equations:

V, = Ve[S for competitive,
oK, [9
0= M for noncompetitive,
aK ,[S] + oS
V
b= L[S] for uncompetitive and
a'K,[S1+[9
V, = _ VoS for mixed type of inhibition.

0" oK, [S] +alS]

The kinetic constants (Ve K @nd K; values) and statistical parameters, including the
Akaike information criterion (AlC), were calculated by the Ez-fit software. By comparing the
values of Akaike's information criterion (AIC) for the tested inhibition models, the preferred
fit was chosen as the one at least 2 units smaller than the rival model.1® Lineweaver—Burk
graphs were plotted using the Microcal Origin program (version 6.1).

Satigtical analysis

Graphs were plotted using the Microca Origin program (version 6.1). The kinetic cons-
tants and their standard errors are presented as means £ SEM (obtained by linear regression
analysis). The statistical comparisons were performed by the Student’s t-test for paired obser-
vations. The means of at least five observations is quoted in the text and p < 0.01 was consi-
dered statistically significant.

ES-MSof trypsin

Mass measurements of proteins were performed on a MS system consisting of a 6210
Time-of-Flight LC/ESI-M S (G1969A, Agilent Technologies). A sample of trypsin was dissol-
ved in a mobile phase consisting of a 50:50 mixture of solvent A (0.20 % formic acid in wa-
ter) and solvent B (acetonitrile). The mass spectrometer was run in the positive electron spray
ionization (ESI) mode. A personal computer system running Agilent MassHunter Workstation
Software was used for data acquisition and Agilent MassHunter Workstation Software and
Anayst QS were used for data processing.

RESULTS AND DISCUSSION
Enzyme and substrate selection

Of many animal trypsins, bovine trypsin has been studied and used for many
years as the prototype of serine endopeptidases from the S1 family. The forms of
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trypsins present in higher animals share not only high structural but also se-
quence identity.2 From the list of trypsins available at the MEROPS database, as
one of the protease information systems, only bovine and human trypsins were
selected for comparison. Sequences of bovine and human trypsins were aligned
using the SIB BLAST network service and trypsins with high identities are given
inTable1.19

TABLE |. Similarity search of bovine and human trypsins using SIB BLAST Network Service
of ExPASy Proteomics Server

Entry namein Accession  Protein No. of amino
UniProtKB/- Synonyms . Identity Score
. number name acids?
/Swiss-Prot
TRY1 BOVIN POO760  Cationic EC34.214 243 243/243 462 bits
trypsin Beta-trypsin (100 %) (1188)
(precursor)
TRY2_BOVIN Q29463  Anionic EC34.214 247 165/223 362 bits
trypsin (73%) (928)
(precursor)
TRY1 HUMAN PO7477  Cationic EC34.214 247 168/223 364 hits
trypsin-1 Trypsin| (75%) (935)
(precursor) Cationic
trypsinogen
Serine protease 1
Beta-trypsin
TRY2 HUMAN P07478  Anionic EC34.214 247 166/223 355 hits
trypsin-2 Trypsinll (74%) (911)
(precursor) Anionic
trypsinogen
Serine protease 2
TRY3 HUMAN P35030 Trypsin-3 EC34.214 303 162/223 351 hits
(precursor) Trypsin il (72%) (901)
Brain trypsinogen
Mesotrypsinogen
Trypsin IV

Serine protease 3
Serine protease 4

@The length of the sequence of the unprocessed precursor

The high similarity between bovine and human cationic trypsin is obvious.
The native form of bovine trypsin, referred to as cationic trypsin or Atrypsin,
consists of a single chain polypeptide of 223 amino acid residues. A molecular
mass of 23305 Da was computed using Expasy ProtParam Tool. The bovine tryp-
sin preparation (ex Sigma) used in this research was analyzed by ESI-MS to con-
firm the presence of the dominant trypsin form. Intensive signals at 23294 and
23312 Da corresponding to 4 and o+trypsin, were detected, similar to a reported
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ESI-MS spectrum of bovine trypsin.20 The cationic form of bovine trypsin, wi-
dely used in avariety of medical and scientific applications, iswell characterized
in terms of kinetic parameters, particularly for low molecular weight synthetic
substrates with ester and amide bonds.21.22 To compare the potential inhibition of
trypsin activity by heparin, a proteinaceous substrate casein and a synthetic sub-
strate BAPNA (Fig. 1) were preliminarily investigated. As Fig. 1 shows, the inhi-
bition patterns obtained by both substrates were similar, although the chromoge-
nic substrate BAPNA seemed dlightly more suitable for investigations of inhibit-
tion. For the further kinetic study, bovine trypsin and the BAPNA chromogenic
substrate were selected.
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Fig.1. Activity of trypsin in the presence of different concentrations of heparin on BAPNA
and casein. The activity of trypsin without inhibitors was 100 %. The results are expressed
as the mean percentage of enzyme activity, from at least three independent
experiments, performed in triplicate.

The effect of heparin and dalteparin on the activity of trypsin

The results of a preliminary experiment designed to evaluate the effects of
different concentrations of heparin and dalteparin on the activity of trypsin are
shownin Fig. 2.

Heparin at a concentration of 1.05 uM reduced the trypsin activity to 37 %
(p < 0.05), while LMWH — dalteparin at a concentration of 7.55 uM inhibited the
trypsin activity by 40 % (p < 0.05). It is clear from Fig. 2 that the inhibitory
effects are dose-dependent, i.e., increasing the concentration of the test substan-
ces decreased the proteolytic activity of trypsin on BAPNA as the substrate. In
micro-molar concentrations, heparin and dalteparin act as inhibitors of the S1
serine protease trypsin.
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The half-maximum inhibition concentration (ICsq) of heparin on trypsin was
found to be 15.25+1.22 ng/mL. By derivation of the best-fit line, the 1Csg value
of dalteparin was mathematically estimated to be 58.47+15.20 ug/mL. The ob-
tained 1C5q values for heparin and LMWH were dlightly higher than those refe-
renced.23

110

100 4
90
- B0
% 70-_ i
% 60 - - ® - 1 T
'32 50 4 ' )
4 [ ]
o L]
2 401 3
= |
E 30-:
- ®  heparin
10 A ® dalteparin
0 T ' T . T b T . T . 1
0 2 4 5] 8 10 12

Concentration of dalteparin (umol/L)
Concentration of heparin x 10 (umol/L)

Fig. 2. The effect of different concentrations of heparin and dalteparin on the activity of
trypsin on BAPNA. The activity of trypsin without inhibitors was 100 %. The results
are expressed as a mean percentage of enzyme activity, from at least three
independent experiments, performed in triplicate.

Kinetic study

To investigate the type of inhibition of the trypsin activity by heparin and
dalteparin, kinetic analysis of the inhibition pattern using the Ez-fit software
package was undertaken. Initial velocity data obtained from the inhibition of
trypsin activity were fitted to four inhibition models. The Akaike information cri-
terion (AIC) for competitive, uncompetitive, noncompetitive and mixed model of
trypsin inhibition by heparin and dalteparin is shown in Table 1. Based on a
comparison of the values of the Akaike information criterion, the inhibition mo-
del was selected that was at least 2 units smaller than the rival model.

It is obvious from the AIC values that neither of the tested substances show-
ed competitive inhibition. In addition, uncompetitive inhibition, in which the in-
hibitor binds to the enzyme—substrate complex, is unlikely to occur. Finally, inhi-
bition in which the inhibitor binds to a site different from the active site, with pos-
sibility to bind to either the free enzyme or the enzyme—substrate complex with
the same (non-competitive) or different (mixed) constants of inhibition, are the
most likely scenarios. Both substances, with the lowest AIC for heparin of 177.44
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TABLE Il. The Akaike information criterion (AIC) for competitive, uncompetitive, noncom-
petitive and mixed model of trypsin inhibition by heparin and LMWH — dalteparin. The kine-
tic constants and AlC were calculated by Ez-fit software. By comparing the AIC values for the
tested inhibition models, the preferred fit was chosen as the one at least 2 units smaller than
the rival model

AIC (competitive AIC (mixed AIC (noncompetitive AIC (uncompetitive

Tested substance ™" bupivion) inhibition) inhibition) inhibition)
Heparin 196 179.14 177.44 18038
Dalteparin 237.17 113.14 115.02 13455

for noncompetitive and for dalteparin of 113.14 for mixed inhibition (Table II),
actually inhibit trypsin by binding to an exosite. A recently identified activity
modulation of serine protease fl Xa as a homolog of trypsin by occupation of the
heparin-binding exositel1:12 supports the data obtained in this kinetic study. The
obtained kinetic data clearly show that there is a specific interaction between
trypsin and the tested substances based on the binding of heparin and dalteparin
to an exosite of the enzyme, demonstrating a mixed or noncompetitive inhibition
pattern. Lineweaver—Burk graphs of the most probable inhibition models of tryp-
sin by heparin and dalteparin are shown in Fig. 3.
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Heparin, with constant of inhibition Kj; » = 0.151+0.019 uM for noncompe-
titive inhibition, and dalteparin, with Kj; = 0.202+0.030 uM and K, = 0.463+
+0.069 uM for mixed inhibition, represent moderate inhibitors of the serine pro-
tease trypsin. In addition to the constants of inhibition, it was found that the Ky
value for BAPNA of 0.99 mM (the K, for BAPNA s referenced to be 0.94
mM)22 was not changed in noncompetitive inhibition by heparin, while it was
found to be 1.35 mM in mixed inhibition. Data for comparison of S1 serine pro-
tease inhibition by heparin and LMWH were not found. However, some inhibi-
tions of fIXa, one of the serine proteases in the human blood-coagulation cascade,
were found to be: Kj = 3.2 uM for the 8-hydroxyquinoline family of inhibitors24
and Kj = 1.73 nM for KFA-1411, a synthetic low molecular weight inhibitor, the
inhibition constant of which on trypsin was Kj = 6.1 uM.17

CONCLUSIONS

Being involved in complex biological processes, the activity of serine pro-
teases is regulated by sophisticated mechanisms, including the delicate balance
between proteolytic and inhibitory reactions in homeostasis. The present model
study clearly shows the potential of well known substances, such as heparin and
LMWH, to act asinhibitors of trypsin, the reference serine protease.

Research of peptidase inhibitors is an active and rapidly growing field focu-
sed mainly on two objectives: construction and screening of new chemical enti-
ties with inhibitory activity, and the search for natural proteinaceous inhibitors. A
high throughput screening of non-proteinaceous chemical entities for identifica-
tion of serine protease inhibitors, potentially applicable as drugs has been em-
ployed and robust data collections have been generated to date. However, the ac-
tivity of some well-known (“old”) molecules, such as heparin and LMWH, as po-
tential inhibitors has not been evaluated yet. The present study shows that hepa-
rin and dalteparin can specifically inhibit trypsin, producing noncompetitive and
mixed kinetic inhibition pattern.
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U3BO [
WHXUBULINIJA TPUTICMHA XEITAPMHOM U JAJITEITAPUHOM

OJIMIBEPA BOCHWRY, KPUCTUHA TOITYEBURZ, MUPOCJIAB BPBURS 1 UIBAHKA KAPAIIRZ

1I/IHaﬁutﬁyLT4 3a usuoaozujy, Meouyuncku gaxyaitieiti, Ynusep3auitiein y beozpady, Buwezpaocka 26, 11000
Beozpad, 2Hucimiuimiyimi 3a xemujy, Meduyunciu paxyaitieis, Yuusepauitieini y Beozpady, Butuezpadcka 26, 11000
Beozpad u Xemujcku paxyaitiei, Yuusepauitieini y Beozpady, Citiydenciticku imipz 12—16, 11000 Beozpad

V pany je uCHMTHBaHA MHTEPAKIMja TPUIICHHA, Kao mpoToTuna S1 cepuH-npoTease, ca xera-
PHMHOM U EErOBHM HHCKOMOJIEKYJICKMM JIEpPHBAaTOM JalTelnapiHoM ¢parMuHoM. YTBplheHa je mu-
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pPEKTHA MHXMOWIIMja TPUIICHHA KaKO XCHApUHOM TaKO M JajJTelapuHOM, Y KOHLEHTpalHjaMa TH-
MMIYHUM 32 BUXOBY KIMHWUYKY ynotpeOy. Oxppehena je |Cgy Tpumcuna xemapuaom: 15,25+1,22
pg/mL u ganrenapurom: 58,47+1520 pug/mL. Kunernuka aHanus3a je mokasaia aa XeHmapuH U
HETrOB HUCKOMOJIEKYJICKH JISpHBAT JaITEHapuH MHXUOMPajy TPUIICHH MO MOJIENly HEKOMIICTUTHBHE
U MeNIOBHTE MHXMOMIMjE, pefioM. XemapuH ca KoHcTantoM uuxubummje Kjq o =0,151+0,019 uM
(nexommneruTuBHa) 1 gantenapuH ca Kjp = 0,202+0,030 uM u K;, = 0,463+0,069 uM (mermoBuTa),
MPEICTaBJbajy YMEpeHe HHXUOUTOPE TPUIICHHA, Kao pedepeHTHe cepuH-mpoTease. [JodujeHe KoHc-
TaHTe WHXUOUIH]je yKa3yjy Ja MpU KIMHWYKH alUIMKOBAHUM KOHIICHTpalfjaMa XerapruHa U JajiTe-
IapuHa, TPUIICHHHU U XoMoJore S1 cepuH-nipoTease MOry OUTH TUPEKTHO MHXUOUpAHE U THME YTH-
[[aTH Ha JENUKATHY KOHTPOJY aKTHBHOCTH CEPUH-IIPOTEa3a y XOMEOCTasH.

(Mpumsbeno 28. aBrycra, pesuaupano 19. cenrem6tpa 2008)
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Abstract: The reaction of K,[PdCl,] with (SS)-(i-Pr),eddip diester (diisopropyl
(§9-2,2'-(1,2-ethanediyldiimino)dipropanoate) resulted in {PdCI5[(SS)-(i-
-Pr),eddip-«?N,N']} (1) and {PdCI[(S9-(i-Pr)eddip-k2N,N',xO]} (2) with one
hydrolyzed ester group. The compounds were characterized by spectroscopic me-
thods and it was proved that the reaction is diastereosdective (*H- and 13C-NMR)
in the case of 2 (one diastereoisomer of four possible). The structure of 2 was
determined by X-ray diffraction analysis, indicating that the product is the
(RR)-N,N' configured isomer. In contrast, the reaction yielding 1 produced two
of three possible diasterecisomers. DFT calculations support the formation of
two diasterecisomers of 1 and of one diastereoisomer of 2.

Keywords. palladium complexes; crystal structure; EDDP ligands; DFT calcu-
lations.

INTRODUCTION

In a previous study, platinum(lV) complexes with R,edda (esters of ethyl-
enediamine-N,N' -diacetic acid) ligands were prepared (R = Me, Et or n-Pr; Fig.
1, 1).1 In contrast, reactions between homologous propionate ligands (Roeddp =
= ROOCCH>CH;NHCH2CHoNHCH2CH,COOR; R = Me, Et, n-Pr, n-Bu or
n-Pe), and potassium hexachloroplatinates(IV) gave different products depending
on the R moiety (Fig. 1, 11 and I11)23. For R = Me, Et or n-Pr, these reactions

* Corresponding author. E-mail: goran@chem.bg.ac.yu
# Serbian Chemical Society member.

doi: 10.2298/JSC0904389K
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proceeded with the hydrolysis of the ester groups yielding [PtClo(eddp-
-k2N,N' ,x20,0)] (Fig. 1, 11). Structural analysis gave proof of the trans-dichloro
arrangement. When R was n-butyl or n-pentyl, the isolated platinum(lVV) com-
plexes [PtCl4(Roeddp-x2N,N’')] maintained the ester functions of the ligand in-
tact, seelll in Fig. 1.2

0 0
RO™S CI ~CLY
N py C! (Npt-0
N"| ~Cl N~ L0
ROy’ ¢ ol
o
| 1
R = Me, Et, n-Pr
RO ? s
NI RO
ON-py- N-ptcl,
)(J)\)N \l\CI R N
RO ¢ O(T]))\ n=24
1l v
R = n-Bu. n-Pe R = Et, n-Pr, n-Bu, n-Pe, Fig. 1. Platinum complexes containing
i-Pr, i-Bu Roedda derived ligands.

Furthermore, the work was extended by synthesizing chiral branched-chain
esters, (S9-Ryeddip = ROOCCOH(CH3)NHCH,CHoNHC(OH(CH3)COOR (R =
= Et, n-Pr, n-Bu, n-Pe, i-Pr or i-Bu), and the corresponding platinum(I1/IV)
complexes, { PtCI[(S9-Roeddip]} (n =2 or 4; Fig. 1, V).4 Also here, asin the
reaction of Roedda and hexachloroplatinate(lV), the ligands maintained their es-
ter functional groups without hydrolyzing in the obtained complexes. Studies on
the antitumoral activity of some Pt(1V) complexes with Roedda derived ligands
showed higher cytotoxicity than cisplatin and the kinetics of the tumor cell death
process induced by these complexes was considerably faster in comparison to
that induced by cisplatin.>6

The coordination mode of paladium(ll) and platinum(ll) is analogous, but
the palladium(ll) complexes are kinetically less stable than the platinum(il)
complexes.”:8 Due to the similar coordination modes and chemical properties of
palladium(I1) and platinum(l1) compounds, it was also decided to synthesize and
characterize complexes of palladium(l1) with edta tetraalkyl esters and ethylene-di-
ammonium-N,N’ -di-3-propanoic acid.%10 In the light of the increasing interest in
the biological activity of palladium(ll) complexes, their antiproliferative activity
isalso of interest.11-13

The complexes { PACI5[(S9)-(i-Pr)2eddip]} (1) and { PACI[(SS)-(i-Pr)eddip]}
(2) were prepared and spectroscopically and structurally characterized. In addi-
tion, DFT calculations were conducted on the diastereoisomers of 1 and 2.
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EXPERIMENTAL

General

[(§9-Hzeddip]Cl and [(S,9-H(i-Pr),eddip] Cl,-H,O were prepared as previously report-
ed. 41416 K[ PdCl,] was obtained from Merck and used as received. The infrared spectrawere
recorded on a Perkin-Elmer FTIR 31725-X spectrophotometer using the KBr pellet technique
(4000-400 cmr1). The H- and 13C-NMR spectra were recorded on Varian Gemini 200 (200 MHZ)
(1) and Varian Unity 500 (500 MHz) spectrometers (2) in CDCl; and DMF-d;, respectively.
Elemental analyses for C, H and N were performed on a Vario |1l CHNOS Elemental Ana-
lyzer, Elementar Analysensysteme GmbH.

Synthesis of complexes

K,[PdCl,] (0.158 g, 0.512 mmol) was dissolved in water (20 ml) at 40 °C and [(SS)-
-H(i-Pr),eddip] Cl,-H,O (0.194 g, 0.512 mmol) was added. During 2 h of stirring, 10 ml of
0.10 M LiOH was added in small portions to the reaction solution. On cooling to room tempe-
rature, a yellow precipitate of 1 was obtained. The precipitate was filtered off and the filtrate
was left for several days at room temperature. The mother liquor produced crystals of 2
suitable for X-ray measurement.

X-ray crystallography of 2
Intensity data were collected on a STOE IPDS diffractometer at 220(2) K using graphite
monochromatized MoK, radiation (4 = 0.71073 A). A summary of the crystallographic data,

the data collection parameters and the refinement parameters are given in Table |. The struc-
ture was solved by direct methods with SHELXS-96 and refined using full-matrix least-squa-

TABLE |. Crystallographic datafor 2

Empirical formula C11H»,CIN,O4Pd
M, 387.17 g molt
Crystal system monoclinic
Space group P2,
alA 5.877(1)
b/A 9.672(2)
cl/A 14.424(3)
ple 100.78(2)
VA3 805.5(3)

z 2
Deac/ gom™ 1.584
w(Mo—-K,) / mm? 1.328
F(000) 392

0 Range/° 2.55-25.80
RefIn. collected 1637
RefIn. observed (1 > 24(1)) 1543
RefIn. independent 1637
Datalrestraints/parameters 1637/1/177
Goodness-of-fit on F2 1.079

R1, wR2 [I > 20(1)]
R1, wR2 (all data)

Largest diff. peak and hole/ e A3

0.0316, 0.0789
0.0338, 0.0797
1.02/-1.64
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res routines against F2 with SHEL X S-97.1718 Non-hydrogen atoms were refined with aniso-
tropic displacement parameters. The hydrogen atoms were refined isotropically. They were
placed in the calculated positions with fixed displacement parameters (riding model), except
for H12 atom, which was found in the electron density map. The large displacement para-
meters of atoms C5, C6 and O1 are explained by oscillation in the crystal structure and be-
cause these atoms are far away from the palladium atom. The Diamond program was used for
the representation of the structure.19

The Cambridge Crystallographic Data Centre, CCDC No. 681419, contains supplemen-
tary crystallographic data for this paper.*
Computational details

Geometry optimizations were performed with the Gaussian 03 package.Z® All structures
were optimized using the MPW1PW9L1 functional .2* The SDD basis set for all atoms was em-
ployed in the calculations.2223 All systems were optimized without symmetry restrictions. The
resulting geometries were characterized as equilibrium structures by the analysis of the force
constants of normal vibrations. Supplementary data associated with the quantum chemical
calculations can be obtained from the authors upon request.

RESULTS AND DISCUSSION

The addition of an aqueous solution containing the ligand precursor [(SS)-
-Ho(i-Pr)2eddip] Cl» to a solution of Ko[PdCly4] followed by the addition of the
stoichiometric amount of base (molar ratio 1:1:2) results in the formation of a
yellow precipitate of 1 (56 % yield). The mother liquor was left for several days
a room temperature and crystals of 2 (20 % yield) suitable for X-ray analysis
were obtained (Scheme 1). The x2N,N’,kO coordination mode of the [(S9)-(i-Pr)-
eddip]~ ligand in complex 2 arises from the hydrolysis of one of the two ester
groups of the origina (S,9-(i-Pr)»eddip ligand.

)7

. Yow/\ M
O N\Pd/CI 1
O SN el
1) (S, S)H,(-PryeddipICl, o%{ H
Ko[PdCIy] o
2) 2LiOH EW,
H
N_ o
2

. _Pd_
)\ i . °
o H

Scheme 1. Reaction of K,[PdCl,] with [(S,9)-Hx(i-Pr),eddip] Cl..

* These data can be obtained free of charge via www.ccdc.cam.uk/conts/retrieving.html (or
from the CCDC, 12 Union Road, Cambridge CB2 1EZ, UK; fax: +44 1223 336033; E-mail:
deposit@ccfdc/cam.ac.uk).
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Characterization of the complexes

{PdCI,[(S,9)-(i-Pr),eddip]} (1). Yield: 0.13 g (56 %). Anal. Calcd. for
C14H28C1o,N,04Pd: C, 36.11; H, 6.06; N, 6.02. Found: C, 35.79; H, 6.33; N, 5.77 %.
IR (KBr, cm1): 3448, 3153, 2983, 1734, 1380, 1224, 1187, 1143, 1105, 918,
830, 754, 430. IH-NMR* (200 MHz, CDCls,  / ppm): 1.25/1.32 (d/d, 12H,
SJH,H = 6.60/7.80 Hz, CsgeH3), 1.61/2.00 (d/d, 6H, 3JH,H = 7.00/7.60 Hz,
CagHs), 2.44/3.21 and 2.81/3.68 (mV/m, 4H, AA'BB’, C10,11Hs), 4.09/4.52 (mVm,
2H, CogH), 5.03/5.15 (mim, 2H, C4H), 6.12-6.26/6.31-6.42 (mVm, 2H, NH).
13C-NMR (50 MHz, CDClg, 3 / ppm): 14.6/16.0 (/s, C3,0), 21.7/21.7 (5/s, Csg),
48.7/51.9 (5/s, C10.11), 57.4/59.0 (5/s, Cg), 69.3/69.9 (5/s, Ca), 169.4/170.9 (s/s,
C17).

{PdCI,[(S,9)-(i-Pr)eddip]} (2). Yield: 0.04 g (20 %). IR (KBr, cmrl): 3441,
3357, 3127, 2985, 1737, 1644, 1389, 1219, 1104, 944, 833, 590, 430. 1H-NMR
(500 MHz, DMF-d7, 8 / ppm): 1.23 (d, 6H, 3J4 1 = 6.95 Hz, Cs6H3), 1.75 (d,
3H, 3344 = 7.21 Hz, CgHg), 1.76 (d, 3H, 334 = 7.21 Hz, CoH3), 2.73 and 2.90
(M, 4H, C1011Ho), 3.69 (M, 1H, CgH), 4.05 (m, 1H, CoH), 4.96 (m, 1H, C4H),
6.55-6.65 (M, 1H, N1H), 6.68-6.77 (m, 1H, NoH). 13C-NMR (125 MHz, DMF-d7,
6, ppm): 14.8 (s, C3), 15.6 (s, Cg), 21.0 (s, C56), 49.4 (s, C11), 52.5 (s, C1p), 56.4
(s, Cp), 62.2 (s, Cg), 68.9 (s, C4), 169.6 (s, C1), 181.1 (s, C7).

Spectroscopic properties

The IR spectrum of 1 shows specific absorption bands: v(C=0) at 1734 cm1
(strong), (typical absorption for aliphatic esters), v(C-O) at 1236 cm1 (strong)
and v(CH3) at 2983 cm1 (medium). For comparison [(S,S)-Ha(i-Pr),eddip]Clo
exhibited the corresponding bands at 1734, 1239 and 2982 cm1, respectively.4
The band for the C=0 group is at the same position as in the spectrum of the free
ligand, meaning that the oxygen atoms of the COOR moieties are not coordi-
nated. In the IR spectrum of 2, there are two absorption bands for v(C=0) at
1737 and 1644 cml, indicating two different C=0 groups, which is in corres-
pondence with the hydrolysis of one of the isopropyl groups and the coordination
of the residual oxygen atom. The v(N—H) absorption bands at 3153 (for 1) and
3127 cm™ (for 2) (both typical absorptions for secondary amino groups) may
indicate that the coordination occurred via the nitrogen atoms.2—4

For both complexes 1 and 2, the NMR spectroscopic measurements gave
proof for their constitution. Selected data are given in Table I1. The coordination
of the N atoms gives rise to the formation of chira centers, thus in principle,
three diastereoisomers can be formed for [PACI{ (S 9)-(i-Pr),eddip}] (1) (RR),
(RS=SR) and (S9), Fig. 2). Two sets of signals of about the same intensity (for
each diasterecisomer one set of signals) were found (Table 11). Two of these

* The values for the two diastereoisomers are separated by a slash. The assignment was veri-
fied by COSY experiments.
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three possible diasterecisomers (S,9- and (R R)-anti-1, will give rise (due to Co
symmetry) to one set of resonances each for their ester branches. The third
diasterecisomer, (R,9-syn-1, is expected to give rise to two sets of signals, since
the ester branches are non-equivalent in symmetry, although these two sets may
coincide by chance.

TABLE I1. Selected IH- and 13C-NMR data (6 / ppm)? of { PACI,[(S.9-(i-Pr),eddip]} (1) and
{ PACI[(S9-(i-Pr)eddip]} (2)

Complexes C*°H,4 C*H C>®H,4 c*? c* Cc*’00 C°°H,

10 1.61 5.03 1.25 14.6 69.3 169.4 21.7
2.00 5.15 1.32 16.0 69.9 170.9 21.7

2 1.75 4.96 1.23 14.8 68.9 169.6 21.0
1.76 15.6 181.1

N umbering asin Fig. 3 and analogous for { PACI,[(S,9-(i-Pr).eddip]} ; bdjiastereoisomers of 1

In the IH-NMR spectrum, the signals of the methylene hydrogen atoms from
the ethylenediamine moiety show coordination induced shifts of up to 0.9 ppm,
which indicates that the coordination occurred via the nitrogen atoms. Chemical
shifts arising from ester carbon atoms are found at the expected position for this
class of compounds 134

)
\n/\(R> H \r/\<s> O\r/\<s> H
el ND O Cl
/Pd\ d_ G %7 — Pd —
)\ cl )\ of )\
R 'H H $TH
%{( ) %{(R) S ( N
(RR)-anti-1 (R,9)-syn-1 (S,9)-anti-1

Fig. 2. Diastereoisomers of { PACI,[(S9-(i-Pr).eddip]} (1).

In contrast, four diastereocisomers are possible in 2: (S9- and (R R)-anti-2
and (SR)- and (R,S)-syn-2, but only one set of signals was found in both the 1H-
and 13C-NMR spectra (Table I1). In the 13C-NMR spectrum, it can be seen that
two signals assigned to carbon atoms from the COO moieties are at very different
shift values. Comparison with [(SS)-Ha(i-Pr),eddip]Cl, gave proof that the sig-
na at 169.6 ppm belongs to the ester carbon atom and the signal at 181.1 ppm
belongs to the carbon atom of the carboxy! group that participates in the coordi-
nation via its oxygen atom.

Solid state structure of 2

{PdCI[(S9)-(i-Pr)eddip]} was found to crystallize in the monoclinic crystal
system in the chiral space group P21. The molecular structure is shown in Fig. 3,
and selected bond lengths and angles are listed in Table I11.

The Pd atom was found in square—planar coordination geometry with one
[(S9-(i-Pr)eddip]~ ligand coordinated through one carboxylic oxygen and two
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nitrogen atoms («2N,N’,xO coordination mode). The remaining coordination site
is occupied by the chloro ligand. The crystal structure represents the (R,R)—N,N’
configured isomer.

) i\g/-s: Fig. 3. Molecular structure of {PdCI[(S9-
‘55\ -(i-Pr)eddip]} (2). The dashed lines repre-
® sent H-bonds.

TABLE 1. Selected experimentally found bond lengths (A) and angles (°) in the molecular
structure of 2 and the calculated values (2c) for the diastereoisomers of 2

Bond Compound
2 (RR)-anti-2c  (R9-anti-2c  (SR)-anti-2c  (S,9-anti-2c

Pd-N2 1.995(5) 2.039 2.045 2.032 2.034
Pd-0O4 2.019(5) 2.003 2.012 2.002 2.006
Pd-N1 2.047(6) 2.078 2.077 2.079 2.055
Pd-Cl 2.325(1) 2.344 2.340 2.350 2.353
C1-01 1.190(1) 1.234 1.234 1.241 1.243
C1-02 1.314(1) 1.374 1.376 1.353 1.351
C4-02 1.441(1) 1.495 1.500 1.495 1.497
C7-03 1.216(8) 1.242 1.242 1.242 1.243
C7-04 1.316(8) 1.334 1.337 1.336 1.337
C10-N2 1.476(8) 1.494 1.502 1.494 1.504
C11-N1 1.508(8) 1.502 1.500 1515 1.508
N2-Pd-N1 86.3(2) 86.5 85.5 87.2 86.5
N2-Pd-Cl 177.1(2) 177.2 178.3 176.8 175.2
04-Pd-N1 167.7(2) 168.9 166.2 169.8 169.1
04—Pd-Cl 95.2(1) 98.2 97.8 98.6 101.6
N1-Pd-Cl 96.6(1) 92.2 95.4 91.5 88.8

N2-C10-C11 108.2(6) 108.4 110.6 109.6 1115
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TABLE I1l. Continued

Bond Compound

© 2 (RRy-anti-2c (R9-anti-2c (SR)-anti-2c (S9-anti-2c
NIC11-C10 _ 108.9(5) 1099 109.8 1123 1131
C3-C2-N1 112.0(6) 114.1 114.1 1133 11338
N2-C8-C9 113.0(5) 1132 1133 1132 11238
ClI-N1-Pd  106.9(4) 106.1 1026 106.2 1033
C7-04-Pd 113.7(4) 1146 1132 1143 1135

The Pd—N bond Iengths (1.995(5)-2.047(6) A) are shorter than those found
in paladium complexes with edta tetra-alkyl ester ligands (2.098(4)—2.106(7)
A).924-26 The Pd-N1 bond length is in the range for Pd(ll) complexes with
ethylenediamine ligands (2.03-2.09 A).14.27 The Pd—O bond length of 2.019(5) A
in 2 is consistent with the range of values (1.999(6)—2.105(3) A) reported for
five- and six-membered chelates containing Pd—O bonds.282° The Pd—Cl bond
length (2.325(1) A) is in the same range as those in [PdCly(Rsedta)] and
[PACI>(Hzedta)]-xH20 (R = Me or Et; x =5 or 6; 2.287(2)—2.298(2) and 2.30(1)
A, respectively).925.26

In the structure of 2, intramolecular hydrogen bonds N1-H---0O2 (N1---O2 =
= 2.838(9) A, N1-H---02 = 102°) and intermolecular N1-H---O3 hydrogen
bonds (N1---O3 = 2.997(8) A, N1-H---O3 = 170°, Fig. 3), which fulfill the
geometric parameters given in the literature,30-33 were found. As the H atoms
could not be located in the electron density map, the discussion of these hydrogen
bonds is restricted to the heavy atoms. It may be possible that the hydrogen on
the N1 atom participates in a bifurcated hydrogen bond, giving rise to the
formation of one-dimensional chainsin the crystals of 2.

Quantum chemical calculations

To investigate the selectivity of the formation of only one of the four possi-
ble isomers of 2 and to presume which two isomers were formed in the case of 1,
guantum chemical calculations were employed. DFT calculations were conduc-
ted for the isomers arising from the coordination of [(S9)-(i-Pr)seddip] and its
partly hydrolyzed derivative [(SS)-(i-Pr)eddip]~— to palladium(l1). The optimized
structures of the { PdCI5[(S,S)-(i-Pr).eddip]} (1c) and {PdCI[(S,9-(i-Pr)eddip]}
(2c) complexes are represented in Figs. 4 and 5, respectively. The structures were
fully optimized without any symmetry constraints and were found to represent
equilibria structures.

In the case of complex 1c, the results showed that (R R)-anti-1c and (R,S)-
syn-1c diastereoisomers appear to be structurally and synthetically feasible (Fig. 4).
Namely, the energy difference between the (RR)-anti-1c and (R,S)-syn-1c iso-
mers amounts to 0.7 kcal/mal (2.9 kJ/moal), which is within the error of DFT calcu-
lations, so that these isomers are of the same energy. The third diasterecisomer (SS-
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(R,R)-anti-1¢ o (R,S)-syn-1c

0 kcal/mol 0.7 kcal/mol

(S,S)-anti-1¢c

4.6 kcal/mol
Fig. 4. Calculated structures of { PACI{(S9-(i-Pr),eddip]} (1c) (the energies
arerelative to the most stable isomer (R R)-anti-1c).

(R,R)-anti-2¢c (R,S)-syn-2¢

0 kcal/mol 5.3 kcal/mol

(S,R)-syn-2¢ (S,S)-anti-2¢

2.1 kcal/mol 4.5 kcal/mol

O O
Fig. 5. Calculated structures of { PACI[(S,9)-(i-Pr)eddip]} (2c) (the energies
arerelative to the most stable isomer (R R)-anti-2c).
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-anti-1c is 4.6 kcal/mol (19.2 kJymal) higher in energy than (R,R)-anti-1c and the
formation of this isomer is not to be expected. This indicates that the obtained
two isomers of 1, proved by NMR spectroscopy (within the sensitivity limits of
NMR spectroscopy), could be assigned as (R R)-anti-1c and (R,S)-syn-1c. Thisis
consistent with a recently reported study on DFT calculations of platinum(ll)
complexes with the Etpedda ligand.t

Furthermore, from the quantum chemical calculations, it is apparent that
three of the four isomers of 2c have more strain and that they are higher in energy
than (R,R)-anti-2c by 2.1-5.3 kcal/mol (8.8-22.2 kJmal) (Fig. 5). Thus, thisin-
dicates that the (R,R)-anti-2c isomer is thermodynamically more stable than the
other isomers and that the energy differences correlate well with the results from
X-ray crystallography and NMR spectroscopic investigations. As can be seen
from a comparison of the calculated and experimental bond lengths and angles
shown in Table 11, the calculated values for (R,R)-anti-2c are in good agreement
with the results obtained from X-ray structural analysis.

CONCLUSIONS

The present investigation shows that the [(S9S)-Hx(i-Pr)2eddip]Cl» ligand
precursor reacts with Ko[PdCl4] yielding the corresponding {PdClo[(S9)-(i-
-Pr)>eddip]} complex (1) and the palladium(l1) complex with a partly hydrolyzed
ester { PACI[(S9)-(i-Pr)eddip]} (2). In case of 1, two from the three possible iso-
mers were detected (1H- and 13C-NMR spectroscopy). In contrast, the reaction
yielding 2 is diastereosel ective, only one from the four possible diastereoisomers
was formed, (R,R)-anti-2 (1H- and 13C-NMR spectroscopy, X-ray structural ana-
lysis). Quantum chemical calculations for 1 proposed the formation of the (R,R)-
-anti-1 and (SR)-anti-1 diastereoisomers and confirmed the formation of the
(RR)-anti-2 diastereocisomer for 2.
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U3BOJ

KOMIUIEKCH TTAJIAJTMIYMA(I1) CA JIMTAHJIMMA R,EDDA THIIA. JIEO |. PEAKIIMJA
JIMA30TIPOITIII-(S S)-2,2'-(1,2-ETAHIUVIIIMUMIHO) TATIPOITAHOATA CA K[PdCl 4]

BOJAHA . KPAJYUHOBIRY, TOPAH H. KAJTY BEPOBURY2, DIRK STEINBORN? HARRY SCHMIDTZ, CHRISTOPH
WAGNER?, KURT MERZWEILER?, CPERKO P. TPHDYHOBURS u TUBOP J. CABO*
1I/IchZ¢uu7ybﬁ 3a xemujy, iiexnoaozujy u meitianypzujy — Llenitiap 3a xemujy, Yrueepsuitieii y bBeozpaoy, CitiyOeHiticku
iwpz 14, 11000 Beozpao, 2l nstitut fiir Chemie, Martin-Luther-Universitat Halle-Wittenberg, Kurt-Mothes-Strale
2, D-06120 Halle, Germany, 3/eiiapitimar 3a xemujy, [IM®P, Ynusepsuiieisi y Kpazyjesuy, 34000 Kpazyjesay u
4Xemujcu (axyaitiei, Yuusepsuitieini y Beozpady, i.ip. 158, 11001 Beozpad

V peaxuuju Ko[PdCly] ca (S9-(i-Pr),eddip nuecrpom [auuzonponun-(S,S)-2,2'-(1,2-eranmu-
HIIMMMIHO) nunponanoat] no6ujajy ce {PACIo[(S9)-(i-Pr),eddip-k2N,N']} (1) u {PdCI[(S9)-(i-
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-Pr)eddip-k2N,N’ ,xO]} (2) ca jeaHOM XHAPOIH30BAHOM ECTAPCKOM IPYIIOM. JeMIbErha Cy OKapaK-
TepUCaHa CIIEKTPOCKONCKIM METo/aMa M JO0Ka3aHo je J1a je oBa peakija JWjacTepeoCeIeKTHBHA
(IH- u 13C-NMR) y cnyuajy 2 (jeman amjactepeomsomep ox moryha uernpu). CTpykTypa jenu-
Bema 2 je oapeheHa peHAreHCKOM CTPYKTYPHOM aHANIM30M M HaljeHO je Ja je JoOHjeHH MPOU3BO.
(RR)-N,N" uzomep. CynpoTHo TOME, y Clly4ajy jeaumema 1 100ujeHu mpou3Bo/l je cMenia aBa o1
Tpu Moryha nujacrepeomsomepa. DFT mpopadynn notsplyjy dhopmupame nBa aujactepeonzomepa
jenumera 1 1 jeqHOT AujacTepeon3oMepa jeAnmbema 2.
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Synthesis and char acterization of novel oxo-bridged, trinuclear
mixed-metal complexesof Cr(l11) and Fe(l11)
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Abstract: Two new heterotrinuclear p-chlorobenzoates, [Fe,CrO(CHO,Cl)g(py)alNOs
(1) and [CryFeO(C;H40,Cl)e(py)3]NO3 (2) were prepared as nitrate salts and
characterized by elemental analyses (CHN), spectroscopic (infrared, electronic)
studies and atomic absorption spectroscopy. These complexes are a new type
of oxo-bridged mixed-metal complex in which the carboxylate ligand is p-chlo-
robenzoic acid. Bridging coordination modes for the carboxylates were indica-
ted by the presence of vagm (MoM' O) vibrationsin the infrared spectra.

Keywords: carboxylates; oxo-bridged complexes; p-chlorobenzoic acid; IR spectra

INTRODUCTION

Transition-metal carboxylate chemistry has played a key role in the concept-
tual development of modern inorganic chemistry. Extensive structural and phy-
sicochemical studies of these compounds were crucia for increasing the under-
standing of the bonding and electronic interactions between proximate metal cen-
ters, topics with implications ranging from industria catalysis and industrial mag-
netism to the structure and function of mixed-metal compounds.1=3 The current
interest in trinuclear, oxo-centered metal carboxylate assemblies of the general
composition [M30(RCOO)g(L)3]? (where M is a trivalent 3d metal, L is a mono-
dentate ligand, such as methanol, pyridine (py), etc., and z is +1 for M(I111)o2M’ (111)
and 0 for M(111)oM’ (1)) is due to these complexes having served as important
models to test theories of electronic coupling between metal ions*® (Fig. 1).

Heterotrinuclear complexes have been known for more than half a century,
[Fe(11DN2M (1O(MeCO0O)g(H20)3] complexes (M = Co, Ni) were originally pre-
pared in 1928 by Weinland and Holtmeier® and the structures proved in 1980 by
Y okubov.”

These heterotrinuclear complexes exhibited antiferromagnetic exchange in-
teractions and the central O atom provided the main super exchange pathway,8 in
which the p-orbitals of the oxygen atom in the M30 plane were especialy effect-

* Corresponding author. E-mail: khosraviiman@yahoo.com
doi: 10.2298/J5C0904401Y
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tive. It is apparent that the number of d-electronsin M(111)oM’ (111)O compounds
isone less than that in M(111)oM’ (I11)O compounds, hence the chemical properties
of these complexes may be quite different.®

R R Fig. 1. Structure of the cluster unit [M;O(RCOO)g(L)3]%

This paper describes the synthesis of new trinuclear oxo-centered complexes
containing a p-chlorobenzoate ligand, with the general formula:
[M2M’ O(C7H402Cl)s(py)3]NOs,
whereM, M’ = Fe, Cr.

EXPERIMENTAL
Materials and analytical methods

Organic solvents (Qualigens) were dried and distilled before use by standard methods.
All reagents used in this study were of analytical grade and purchased from the Merck Com-
pany.

C, H and N analyses were performed on a Thermo Finnigan Flash model EA1112 ele-
mental analyzer. Atomic absorption analyses were performed on a Shimadzu model AA-670
atomic absorption spectrometer. IR spectra of KBr discs (6004000 cm1) were recorded on a
Buck 500 spectrometer.

Preparation of [Fe,CrO(C_H ,0,Cl),(py),INO, (1)

C;H50,Cl (1.6 g, 10 mmol) was dissolved in pyridine (3.0 ml)—acetone (20 ml) mixture
and stirred, then a mixture of Fe(NO3)3-9H,0 (0.80 g, 2.0 mmol) and Cr(NOs)3-9H,0 (0.40 g,
1.0 mmol) was added and refluxed for 2 h. The resulting brown solution was alowed to cool
and stored for 3 days at 20 °C. The brown crystals were filtered off, washed copiously with
Et,O and dried in vacuo (yield: 70 %); m.p.: 267 °C. Anal. Calcd. for Cs7H39ClgCrFe;N4Oqg
(1411.5 g/mal): C, 48.45; H, 2.76; N, 3.96; Fe, 6.2; Cr, 2.9. Found: C, 47.65; H, 2.66; N, 3.72;
Fe, 6.2; Cr 2.8 %. IR (selected data, KBr, cm1): 310 (w), 435 (m), 572 (m), 740 (s), 1415 (s),
1607 (s), 3000 (m).

Preparation of [CrZFeO(CYH 402CI)6(py)3] NO3 2

Cr(NO3)39H,0O (1.5 g, 40 mmol) and Fe(NO3)39H,O (0.40 g, 1.0 mmol) and
C/H50,Cl (1.6 g, 10 mmol) were dissolved in a solvent mixture comprising acetone (20 ml)
and pyridine (3.0 ml) and refluxed for 3 h to give a red-purple solution. After cooling, purple
crystals were grown by slow evaporation at room temperature (20 °C) for 3 days. The crystals
were filtered off, washed copiously with Et,O and dried in vacuo (yield: 75 %); m.p.: 275 °C.
Anal. Calcd. for Cs7H39CleCroFeN,O;6( 1407.6 g/mol): C, 48.59; H, 2.77 N, 3.97; Cr, 7.1,
Fe, 3.8. Found: C 48.52; H 2.66; N 3.89; Cr 7.0; Fe 3.4 %; IR (selected data, KBr, cm1): 305
(w), 441 (m), 565 (m), 710 (s), 1413 (s), 1611 (s), 2870 (m).
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RESULTS AND DISCUSSION

Mixed-metal oxo-centered complexes were synthesized by the reaction of
Fe(l11) and Cr(l11) nitrates with p-chlorobenzoic acid and pyridine in acetone
under reflux (Egs. (1) and (2)):

2Fe(NO3)3-9H20 + Cr(NO3)3-9H,0 + 6C7H50,Cl — 3162 P

M’_py_) [FexCr(0)(C7H402Cl)g(py)3]NO3 + 26H20 + 8HNO3 (1)

2Cr(NO3)3 9H20 + Fe(NO3)3:9H,0 + 6C7H50,Cl — =12,

— CHOBY ;1 Cr,Fe(0)(C7H402C)6(py)3]NO3 + 26H20 + 8HNO3 @)
After cooling the products to room temperature, the crystals were grown by
slow evaporation for 3 days. The use of acetone as the solvent was a very suitable
choice for these reactions because this solvent cannot covalently link to the metal
ionsasaterminal ligand.
The complexes had sharp melting points and both decomposed at around
350400 °C.

Infrared spectra

In the infrared spectra of both complexes, one band was observed in the
region 2800-3000 cm—L, which indicates the presence of C—H aromatic stretching
vibration of the carboxylic acid. The IR data for compounds 1 and 2 are given in
Table . A band at =~ 710 cm—1 (C—Cl stretching) was also found in the spectra of
the complexes. Two strong bands were observed at ~ 1610 cm2 and = 1415 e,
corresponding to vagym(OCO) and vgym(OCO) stretching vibrations, respectively.
The coordination mode of the carboxylate ligand can be assigned on the basis of
the difference (Av = 195 cm 1) of these two frequencies, which indicates the
presence of a bridging mode of coordination of the ligand in the complexestO

(Fig. 2).
TABLE |. Selected IR bands (cm) for the complexes

Complex  Vaym(COO)  Vgm(COO) v(M30) v(CH) v(C=Cl)
1 1415 1607 435572 3000 740
2 1413 1611 441-565 2870 710

For a new series of trinuclear mixed-metal complexes, Cannon and co-wor-
kers!! assigned the IR spectra and identified the vibrational modes of the central
M30 core. They found that a reduction in the site geometry from D3h to Cov
lifted the degeneracy of the asymmetric M30 stretching vibtrations and two
bands were seen. IR spectra in the range 400-800 cm1 were used for the iden-
tification of the metal—oxygen bands of the M30 groups.12 The band observed
for the asymmetric vibration associated with the MoM’ O unit was split into two
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components, A1 and B.13 These spectra showed characteristic bands for the va-
lence oscillations vasym(M2M’ O) around 570 (A1) and 450 cm1 (By).

34

Intensity, a.u.

14

3980 2580 3180 2780 2380 1980 1580 1180 780

Wavenumber, cm-"
Fig. 2. IR spectrum of [Cr,FeO(C;H40,Cl)g(py)3]NO3.

Electronic spectroscopy

Oxo-centered complexes involve electronic transitions that are similar to
other inorganic compounds. Thus, UV-Vis spectroscopy is one of the useful me-
thods for characterizing oxo-centered complexes.

Electronic spectra of the complexes were recorded in the range 15000—
—50000 cm! in dichloromethane solution. The spectra exhibited two spin-al-
lowed bands in the regions 17250 and 22200 cmL, which could be assigned to
the transition from 4Ag(F) to 4Tog(F) (1) and 4T1g(F) (1), respectively. These
bands should be attributed to the existence of Cr(I11) (d3) ion in these complexes.
The room-temperature el ectronic spectrum of complex 2 is shown in Fig. 3.

The spectra may be interpreted on the basis of an octahedral environment for
chromium(l11) in these complexes. The position of the third spin-allowed tran-
sition 3 (4A2g(F) to 4Tog(P)) could be calculated together with the ligand field
splitting energy (10 Dq), the interelectronic repulsion parameter (B) and the
covalency factor (/) using the equations of Underhill and Billing:14

340Dg2 — 18(v» + v3)Dq + 1213 =0 (D]
B=(v3+ 1n—-3w)/15 2
p= Bcomplex/ B freeion )

The values of the interelectronic repulsion parameter (B) were found to be
below the free ion value for the chromium(ll1) ion (933 cm™1),15 which indicates
a considerable covalent nature of the metal-ligand bond in both the complexes,
with the covalency factor (f) varying in the range 0-7.0. The UV spectra of these
complexes exhibit a strong band in the region 41,000 cm1 which is related to
(m — =*) transitions of pyridine (py) ligand. The bands are shifted to higher
energy when L = py. The electronic spectroscopy data are given in Table II,
which were assigned and characterized on the basis of literature data.16
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Fig. 3. UV (8) and Vis (b) spectra of [Cr,FeO(C;H,O,Cl)g(py)3]NO3.
Table Il. Electronic absorption spectral data of complexes 1 and 2 in dichloromethane solution
Compound Trangitions (m— ©*), nm Transitions (d — d), nm

1 247 459-598
2 245 450-580
CONCLUSIONS

In this study, two new complexes of the formula:

[Fe2CrO(C7H402Cl)e(py)3]NO3 (1) and
[CraFeO (C7H402Cl)6(py)3]NO3 (2)
were prepared by the direct reaction of the metal ions with the carboxylic acid.

These compounds were characterized by elemental analyses (CHN), infrared and
electronic spectroscopy and atomic absorption spectroscopy .
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The IR spectra of these compounds showed two strong bands at ~1610 and
~ 1415 cm1, corresponding to Vasym(OCO) and vgym(OCO) stretching vibra-
tions. The difference in these values indicates a bridging mode of coordination of
the carboxylic ligand in these complexes.

Acknowledgment. The authors are very grateful for the financial support from the
Ferdowsi University of Mashhad, Iran.

U3BO/I

CHUHTE3A U KAPAKTEPU3AIIMJA HOBUX TPUHYKJIEAPHUX MEIIOBUTO
METAJIHUX KOMITJIEKCA Cr(l11) 11 Fe(l11) CA OKCO KOOPITMHATTIJOM

MOHAMMAD YAZDANBAKHSH, IMAN KHOSRAVI 1 HAMAN TAVAKKOLI
Department of Chemistry, Faculty of Science, Ferdowsi University of Mashhad, Mashhad, Iran

JloOujeHa cy aBa HOBa XeTepOTpHHYJKeapHa P-xiopobensoata: [Fe;CrO(C7H4O-Cl)g(py)alNO3
(1) u [CroFeO(C7H40.Cl)6(pY)3]NO3 (2) u okapakrepucana enementansoM (CHN) u crekrpai-
HOM aHaJn30M (MH(GPALPBEHOM H CIEKTPOHCKOM) M aTOMCKOM aIlCOPIIMOHOM CHEKTPOCKOITH]OM.
OBO je HOBH THIT MELIOBUTO METAIHHX KOMILIEKCA Ca OKCO KOOPIMHALMjOM y KOjuMa je KapOok-
CHJIATHH JIUTaH] P-XJIOpoOeH30eBa KucennHa. OBH THIIOBH KOOpAWHANHWje KapOOKcHiIaTa Cy JIoKa-
3aHHU TIPUCYCTBOM Vggym(M2M’ O) Bubpanujama y uHbpanpeeHiuM crieKTpuma.

(TTpumsbeno 3. okToGpa 2008)
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Abstract: L-Glutamine was used to form monolayers for the inhibition of the
corrosion of iron in 0.50 mol dm3 H,SO,. The protection ability of the films
was examined by electrochemical impedance spectroscopy. The mechanism of
adsorption is discussed using quantum chemical calculations and molecular
simulations. Scanning electron microscopy was applied to confirm the forma
tion of L-glutamine monolayers and the inhibitive effect. The results indicate
that the molecules of L-glutamine are able to form films on the surface of iron
and longer immersion time of the iron electrode in the solution results in a
stronger inhibition ability of the films. The films are formed spontaneously by
the adsorption of L-glutamine with a specific affinity of its head-group to the
iron surface, hence, the densely and ordered monolayers can be considered as
self-assembled.

Keywords: L-glutamine; iron; corrosion; self-assembled monolayer; EIS.

INTRODUCTION

Self-assembled monolayers (SAMSs) have been intensively studied in the past
two decades because of their applications in corrosion prevention, metal ion sen-
sors and biosensors.1# SAMs are able to adsorb spontaneously on the metal sur-
face and form compact and stable films which protect the metal from corrosion.®
Many attempts have been made to enhance the resistance of iron and Cu against
corrosion in a corrosive environment.5-10 Iron is awidely used metal with exten-
sive industrial application because of its interesting properties, such as electrical
conductivity, malleability, ductility, etc. Hence, work aimed at investigating its
corrosion mechanism is very important in order to prevent it from corrosion.

* Corresponding author. E-mail: shchen@sdu.edu.cn
doi: 10.2298/JSC0904407Z
407
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Felhosi et al.11 studied the kinetics of self-assembled monolayers formation on
iron. Much work has been performed on the use alkanethiols and alkanamine
SAMs on iron and stainless steel surfaces for corrosion protection.12-13 How-
ever, alarge number of the effective inhibitors are toxic, hence there has recently
been a growing trend to study environment friendly inhibitors. L-Glutamine is an
amino acid, just like a protein. It is the most abundant free amino acid in muscle
tissue and it plays a principal role in protein metabolism and anti-catabolism. It is
akind of innocuous compound; however, few related literature on the adsorption
of the amino-group in amides monolayers on iron surface have been reported.

In this work, L-glutamine monolayers were prepared on an iron surface. The
structural formula of L-glutamine is shown in Fig. 1. Electrochemical impedance
spectroscopy was performed to study the inhibition ability of the films in 0.50
mol dm—3 H,S04. Scanning electron microscopy was used to examine the inhibi-
tive effect of the films on the iron surface. Quantum chemical calculations and
molecular simulations were used to discuss the adsorption mechanism and struc-
ture of the molecules on the iron surface.

0O O

NH, Fig. 1. Molecular structure of the L-glutamine.

EXPERIMENTAL
Electrochemical measurements

The reagents in this experiment were al analytica grade chemicals. L-Glutamine was
dissolved in anhydrous ethanol to form a solution with the concentration of 1.0x10* mol dm'3.
The electrolyte solution was 0.50 mol dm™3 H,SO,, which was prepared with ultra pure water.

The electrochemical measurements were performed using a conventional three-electrode
cell. The working electrode was made of an iron rod (Aldrich, 99.9 %, 2.0 mm diameter),
which was embedded in epoxy resin, leaving only its cross-section exposed. The reference
electrode was a saturated calomel electrode (SCE) and the counter electrodes were two plati-
num foils (1 cmx1.8 cm). Before each experiment, the exposed surface was polished with
1600# and 2000# emery paper until its surface became smooth and mirror-like bright, then it
was cleaned with ultra pure water and anhydrous ethanol as quickly as possible and dried in a
stream of pure nitrogen gas. Subsequently, the iron electrode was immersed in L-glutamine
solution to form monolayers. The assembly time ranged from 0.50 to 38 h. The iron electrode
was immersed in 0.50 mol dm3 H,S0, for 20 min for stabilization before each electrochemi-
cal impedance spectroscopy (EIS) test.

The EIS measurements were performed using a Zahner IM6 electrochemical worksta-
tion. The sinusoidal potential perturbation was 5 mV in amplitude and frequencies ranged
from 60 kHz to 20 mHz. The whole measurement process was accomplished in a still elec-
trolyte system at room temperature (25+1°C).
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Scanning electron microscopy (SEM)

Samples for SEM experiments were iron sheets (8 mmx8 mmx1 mm). The polishing
procedure was the same as that mentioned above. The immersion time was 4 h. A Jeol JSM--
6700F field emission scanning electron microscope was used to observe the morphology of
the iron sheets, including the bare iron sheet and the L-glutamine modified iron sheet after
corrosion in 0.50 mol dm3 H,S0, for 2 h.

Quantum chemical calculations and molecular simulations

In order to investigate the adsorbate—surface interaction, theoretical calculations of the
L-glutamine films on an iron surface were performed using ab initio quantum chemical cal-
culations and molecular simulations of the molecular mechanics. The geometrical structures
were optimized at the HF/6-311+G (d,p) basic levels and then the Natural Bond Orbital
(NBO) method was used to analyze the natural atomic charge of the L-glutamine molecule. 1415
These calculations were performed using the GAUSSIANO3 program passage. The interaction
of the L-glutamine molecule with an iron surface was simulated using molecular dynamics
simulation through the COMPASS force field. The molecular simulations were performed
using the C2 package.16

RESULTS AND DISCUSSIONS
Electrochemical impedance spectroscopy

A lot of useful information about a metal corrosion process can be obtained
through EIS measurements, such as the charge-transfer resistance, the polariza-
tion resistance, the double-layer capacitance and the pseudo-capacitance.1’ The
Nyquist impedance spectra for the bare and L-glutamine-modified iron electrodes
and the equivalent circuit used to analyze and fit the whole impedance spectra are
represented in Fig. 2. In the circuit, Rs is the resistance of solution between the
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Fig. 2. Nyquist impedance spectra for the bare iron electrode and L-glutamine-modified
iron electrodesin 0.50 mol dm3 H,S0, with increasing immersion timein
1.0x10"* mol dmr3 L-glutamine and the equivalent circuit for fitting.
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iron electrode and the reference electrode and Ry is the charge-transfer resis-
tance, corresponding to the corrosion reaction at the metal substrate/solution in-
terface.18 The double-layer usually behaves as a constant phase element (CPE)
rather than a pure capacitor. The CPE is substituted for a pure capacitor so that it
fits the impedance spectra better. The admittance and impedance of a CPE are,
respectively, defined as:

. 1 .
YCPE =Y0(Ja))n and ZCPE :Y—(Ja))_n (1)
0

where Yg is the modulus, w is the angular frequency and n is the phase. The de-
pression degree of the impedance |oops depend on the phase of the CPE.19
The protection efficiency was calculated using the following equation:

PE = Mxloo 2
Ret

where Rt and R/, represent the charge-transfer resistance of bare electrode and
L-glutamine-modified electrodes, respectively.

All impedance spectra exhibited a capacitive loop and all loops were not re-
gular semicircles but depressed to some extent, which is defined by a dispersing
effect and is concerned with the state of electrode surface.20 The diameter of the
semicircle represents the charge-transfer resistance. The bare iron electrode had a
small charge transfer resistance, because iron reacts with hydrogen ions quickly
in acidic solution. After modified with L-glutamine, the electrodes showed a lar-
ger charge-transfer resistance than that of the bare electrode, which means that
the monolayers block the transfer of the electrons from the iron surface to the so-
lution. By comparing the loops of iron electrode at different immersion time, it
was shown that longer immersion times lead to larger loops and higher protection
efficiency. It can be seen from Table | that the R of the L-glutamine-modified
iron electrode was larger than that of the bare iron, which indicates that L-gluta-
mine monolayers were formed and the presence of the monolayers could effecti-
vely protect iron from corrosion. With longer immersion times, the L-glutamine-

TABLE |. Equivalent circuit parameters determined by fitting the impedance spectrain Fig. 2
and the calculated values of the protection efficiency (PE)

Self-assembly time, h AVETTe! c(::nlw:)lzzs“ - Ri/Qcm®  PE/%
0 0.860 0.93 48.10 -
0.50 0.730 0.92 169.0 715
10 113 0.90 2158 7.7
4.0 0.810 0.91 258.6 814
16 0.810 0.90 272.1 82.3
24 0.910 0.91 295.3 83.7

38 0.790 0.91 301.9 84.1
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-modified iron electrodes had larger loops and, accordingly, the monolayer had
higher protection abilities. It was also found that when the immersion time was
prolonged after 4 h, the protection efficiency of L-glutamine did not increase as
fast as during the first 4 h because the films became very packed after long im-
mersion times. The maximal protection efficiency obtained in these experiments
was approximately 84 %.

There are two controversial processes at the electrode surface, the adsorption
and desorption of L-glutamine molecules. At the beginning of the immersion,
more and more L-glutamine molecules adsorb on the iron surface. With increas-
ing immersion time, the films become denser and more stable, the adsorption/-
/desorption process attains equilibrium. This might be the reason that the increase
of the PE was not so obvious after 4 h of immersion. After the films were form-
ed, the electrode was rinsed with ethanol and ultra pure water and dried in a
stream of nitrogen. Thus, only the chemisorbed L-glutamine molecules remained
on the iron surface. The L-glutamine molecule can be adsorbed on the iron sur-
face through lone pair electrons entering into the empty orbital of iron, hence, the
monolayers formed on the iron surface could be considered as self-assembl ed.

SEM Analysis

SEM was applied to confirm that the self-assembled films on the iron sur-
face can protect the metal from corrosion. The SEM surface morphologies of the
bare and L-glutamine-modified iron sheets after corrosion for 2 h in 0.50 mol
dm3 H,S04 solutions are shown in Fig. 3. It can be observed that there are dis-
tinct differences between the two microphotographs. The former one had suf-
fered more severe corrosion than the latter one. The surface of the bare iron sheet
was completely damaged, while the L-glutamine-modified iron sheet was not so
severely damaged. This means the presence of L-glutamine films can effectively
protect iron from corrosion.

HONI SEl S0KV  X10000  Tpm W 7.3mm NONE St 50KV X000 T Wi &

Fig. 3. SEM Images of iron electrodes after corrosion in 0.50 M H,SO, for 2 h. Bareiron
electrode (a); L-glutamine modified iron electrode (b).
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Quantum chemical calculations and molecular simulations

The optimized structure of L-glutamine is shown in Fig. 4a. The Arabic
numbers on the atoms are the natural charges obtained using the Natural Bond
Orbital (NBO) analysis of the B3LY P method at 6-311+G (d,p) basic levels.21.22
For comparison, the same calculation was performed for the n-hexylthiol mole-
cule because akanethiols can be intensely adsorbed on a metal surface.23 The
optimized structure of n-hexylthiol is shown in Fig. 4b. Comparing the two mole-
cules, it can be seen that the N or O atoms in L-glutamine bear much more nega-
tive charges than the S atom in n-hexylthiol, which indicates the structure of the
former is more preferable to interact with the iron surface than that of the latter.
Two N atoms and two O atoms in the L-glutamine molecule cannot only interact
with an iron surface through lone pair electrons entering into the empty 3d orbital
of iron but also through the n-electrons in the molecule inserting into the empty
3d orbital.

a)
(-0. 608)
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Fig. 4. Optimized structures of L-glutamine (a) and n-hexylthiol (b).

b)
|

To verify the above prediction, a series of molecular dynamics simulations
were performed in the next stage. Docking L-glutamine onto an optimized three-
layer Fe (110) surface was the calculation model. An L-glutamine molecule was
placed onto the surface according to five possible models and the five interaction
configurations of L-glutamine with the Fe (110) surface were obtained by mini-
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mization using COMPASS force field. The minimization algorithm used by de-
fault is the Smart algorithm; it is a cascade of methods using successively steep-
est descent and conjugate gradient algorithms. As shown in Fig. 5, the models I,
Il, Il and VI are the adsorption models of L-glutamine on an iron surface ad-
sorbing through different N and O atoms; model V is adsorption by the simulta-
neous action of N and O atoms and the n-el ectrons with the metal surface.

%{-\ ! o
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0006006 ©006060
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Fig. 5. Adsorption configurations of L-glutamine with a Fe (110) surface.

Based on the optimized configuration, the interaction energy of adsorption
between L-glutamine and the iron surface was calculated using the following
equation:

Einteraction = Etota — (Esurface T EL-G) (©)
where Eigtg IS the energy of surface adsorption by an L-glutamine molecule,
Esurface iS the energy of the bare iron surface, and E| _¢ is the energy of an L-glu-
tamine molecule. The values of Ejnteraction ad Eiotg are listed in Table 11, which
shows that configuration V is the most stable adsorption structure of the five mo-
dels, the next are configurations 111 and V. Configurations | and |1l are unstable
adsorption structures because the values of Ejnieraction are too positive. This veri-
fies the above prediction and shows that L-glutamine can vary easily form mono-
layers on an iron surface and the possible adsorption structures are configuration
I, Vliand V.

TABLE Il. Calculated interaction energy between L-glutamine and Fe for different adsorption
configurations

Configuration | ] I v \%
Einteraction / KJ mol 1.89 105.06 -216.12 -229.38 -246.95
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CONCLUSIONS

With increasing immersion time of an iron electrode in an ethanolic L-gluta-
mine solution, more molecules assembled on the iron surface. The highest inhi-
bition efficiency of L-glutamine in 0.50 mol dm—3 H,SO,4 was 84 %. Further-
more, SEM analysis showed that L-glutamine is able to adsorb on an iron surface
and the formed monolayers can effectively protect iron against corrosion. Quan-
tum chemical calculations and molecular simulations were able to explain the ex-
perimental results to some extent.

Acknowledgements. The authors thank sincerely the Chinese National Science Fund
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U3BOJI

EJIEKTPOXEMUICKA UCITUTUBABA 11 MOJIEKYJICKE CUMVIJIAIIUJE
MOHOCIJIOJEBA THXWBUTOPA KOPO3UJE L-TJTIYTAMUWHA HA T'BOXbBY

ZHE ZHANG!, SHENHAO CHEN'2, YUANYUAN FENG?, YUNQIAO DING!, JUANJUAN ZHOU! u HENGLEI JIA?

IDepartment of Chemistry, Shandong University, Jinan 250100, >Sate Key Laboratory for Corrosion and
Protection, Shenyang 110016 » 3Department of Chemistry, Qufu Normal University, Qufu 273165, P.R. China

L-I'ityTaMHH y MOHOCIOjy je kKopumheH kao HHXHOMTOp Koposuje rBoxha y 0,50 mol dm-3
H»SO,4. 3amruTHa MOh cioja je MCHHUTHBaHA CIIEKTPOCKOIMjOM €JIEKTPOXEMHjCKE HMIIeIaHIN]je
(CEM). MexaHu3aM a/IcOpILHje je AUCKYTOBaH Ha OCHOBY KBaHTHO-MEXaHMYKUX M3pavyyHaBama U
MOJIeKyJICcKuX cumynanuja. [lomohy ckenmpajyhe erekrpoHcke MUKpocKomnHje moTBpheHo je dop-
MHpame MOHOCIOjeBa L-riyTaMiHa U BUXOB MHXHOHMIMOHN edekar. Pesynratu ykasyjy Ha To aa
MoJiekynu L-rmytamuHa Mory aa ¢opmupajy ¢uimMoBe Ha MOBPIIMHH TBOKha M 1a je MHXH-
ouronyn edexar ¢uima Behu ykonuko je rBoxlhe myxe ypomeHo y pacTBop L-riyramuna. Omi-
MOBH ce GOPMHPajy CIIOHTAHO aICOPHLHMjoM L-IIIyTaMuHa 4uje TepMHHAJHE TpyIe MOCeayjy cIie-
mupudaH aUHUTET IpeMa MOBPIIKHH TBOXNHa, T€ ce I'yCTO MAKOBaHH MOHOCIIOjEBH MOTY CMaTpaTH
camoypel)eHuM THIIOM cI1ojeBa.

(MTpumsseno 19. cenrem6Gpa, pesuaupano 10. HoBembGpa 2008)
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Supercritical CO, extraction of mentha (Mentha piperitaL.)
at different solvent densities
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Abstract: The chemical composition of mentha essential oil and mentha ex-
tracts obtained at different pressures/temperatures by supercritical fluid extrac-
tion (SFE) were studied by GC-MS. The menthol content was also determined
spectrophotometrically. The predominant compounds in the essential oil and in
the CO, extract obtained at 100 bar were L-menthon and menthole but at higher
pressures (from 150 to 400 bar), squalene was dominant. The equation of Naik
et al. was used for modelling the mentha—supercritical CO, system.

Keywords. Mentha piperita L.; essential oil; supercritical fluid extraction; ex-
traction pressure and temperature; GC-MS.

INTRODUCTION

The Labiatae family has several members with significant essential oil con-
tents. Mentha essential oil is an important material for perfumery, as a flavour,
for liquors, i.e., in cosmetics, in toothpastes, as well as spices in the food indus-
try. Parts of the mint-family plant, mainly dry leaves, are used for tea worldwide.
Commercial oils could be classified by their menthol or carvone content.1-3

The classical procedures for the separation of the active substances from
plant material, i.e., steam distillation and extraction with organic solvents (e.g.,
dichloromethane) have serious drawbacks. The distillation procedure allows only
the separation of volatile compounds (essential oils), which, to a greater or lesser
extent, are transformed under the influence of the elevated temperature. On the
other hand, extraction with organic solvents can hardly render an extract free of
traces of the organic solvent, which are undesirable for organoleptic and/or health
reasons. In addition, organic solvents are insufficiently selective, hence, in addi-

* Corresponding author. E-mail: zzekovic@tehnol.ns.ac.rs
# Serbian Chemical Society member.
doi: 10.2298/JSC0904417Z
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tion to the active substances, some concomitant compounds are also dissolved.
For these reasons, supercritical fluid extraction (SFE) with carbon dioxide (COy)
has recently gained in importance as an aternative to the classical procedures.
Extraction procedures involving supercritical CO» belong to “clean technolo-
gies’, with no secondary products polluting the environment. CO; is the most
widely used medium in SFE because it is simple to use, inexpensive, non-flam-
mable, non-toxic, chemically stable, shows great affinity to volatile (lipophilic)
compounds and can be easily and completely removed from any extract. By
changing the pressure and/or temperature above the critical point of COo (tc =
= 31.3 °C; pc = 72.8 bar; d; = 0.467 g/ml), a pronounced change in the density
and dielectric constant, i.e., solvent power, of supercritical CO», can be achiev-
ed.4~7 SFE of the essentia oil from different mentha varieties, as well as GC
analysis of the mentha essential oil and other extracted compounds have been
investigated by many authors,1-3,8-10

In this study, the chemical composition of mentha essential oil (EO) and the
mentha extracts obtained at different pressures and temperatures by supercritical
fluid extraction (SFE) using CO, were studied. The chemical composition of the
mentha EO and CO» extracts were compared. The SFE—-CO» kinetics was des-
cribed by the well-known model equation of Naik et al.11

EXPERIMENTAL
Plant material and chemicals

Mentha (Mentha piperita L.) was grown by the Institute of Field and Vegetable Crops,
Novi Sad, Serbia (year 2004). The dry and milled (mean particle size 0.60 mm) leaves of
mentha were used in this work.

Standard sample of (-)-menthol (Fluka AG, Switzerland) was used. Commercia carbon
dioxide (Tehno-gas, Novi Sad, Serbia) was employed as the extracting agent. All other che-
micals were of analytical reagent grade.

Procedures

The mentha essential oil (EO) content (3.19 %,; v/w) was extracted by steam digtillation,
using the prescribed procedure in Ph. Jug. IV .12

The supercritical fluid extraction (SFE) with carbon dioxide was performed using a
previously described laboratory-scale high pressure extraction plant — HPEP (Nova-Swiss,
Effretikon, Switzerland).13 The main parts and characteristics (manufacturer’s specification)
of the plant are: a diaphragm-type compressor (up to 1000 bar), extractor with an internal vo-
lume of 200 ml (ppa = 700 bar), separator with an internal volume 200 ml (pmax = 250 bar)
and maximum CO, flow rate of about 5.7 kg/h. The mass of mentha (mean particle size 0.6
mm) in the extractor was 50 g and a CO, flow rate of 3.225 g/min was employed. The pres-
sure and temperature were varied (see Tables | and I1). The separator conditions were: pres-
sure: 15 bar and temperature: 25 °C.
Analyses

A basic standard solution of menthol (10 mg/100 ml in 95 % ethanol) was used for
obtaining the solutions with different menthol concentrations (from 0.05 to 0.70 mg/10 ml).
To each standard solution (2 ml), a 0.10 % solution (3 ml) of p-dimethylaminobenzal dehyde
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in cc. H,SO, was added. After 10 min, absorbance of solution was measured at 510 nm. Ob-
tained values were used for the construction of a calibration curve for the menthol content.

TABLE |. Operating conditions and extraction yields obtained at 40 °C
Extract No. Pressure, bar  CO, density, g/ml  Extractiontime, h  Extraction yield, %

1 100 0.630 25 3.57
2 150 0.790 0.5 0.44
3 200 0.840 0.5 0.40
4 300 0.910 0.5 0.23
5 400 0.957 0.5 0.21

TABLE II. Operating conditions, extraction yield and menthol content in the extracts obtained
at different extraction temperatures (pressure: 100 bar, extraction time: 2.5 h)

Extract No. Temperature, °C COzg ?riTS Y Extraction yield, % Menthol corlt/ent In extract
0

1 35 0.735 2.94 32.04

2 40 0.630 3.57 28.54

3 45 0.520 271 26.53

4 50 0.375 291 33.62

The dependence of the menthol mass (my in mg) on the absorbance (A) could be
expressed as:
A+3.71x10°3
M 6.8625 @)
with alinear regression coefficient was 0.987. The content of menthol in the oil and extracts
was calculated using Eq. (1).
The GC-MS measurements were realise using a GCD HP G 1800 A (Hewlett-Packard,
Palo Alto, CA, USA) instrument with HP-5 MS column (30.0 mx0.25 mm i.d., film thickness
0.25 um). The carrier gas was helium at a flow rate of 0.80 ml/min. The temperatures of the
injector and detector (45-425 D) were 250 and 280 °C, respectively. The column was heated
from the initial 50 °C (3 min) with a linear increase of 20 °C/min to 130 °C (1 min) and
9 °C/min until the final 280 °C (10.33 min). The total analysis time was 35 min. The injected
volume of sample solution in dichloromethane was 1 uL. The compounds were identified
using the Wiley data base.
All investigations were performed in triplicate and the given results are mean values.
RESULTS AND DISCUSSION

The menthol content in the mentha essential oil as determined by the spec-
trophotometric method was 30.67 %.

The GC-MS method was used to determine the qualitative and quantitative
composition of obtained mentha essential oil (EO) (Table I11). The contents of
the compounds the EO are expressed as % on the basis of the menthol content
obtained by the spectrophotometric method, as well as by the external standard
method using standard sample of (—)-menthol. The content of menthol determi-
ned by these two methods for quantification was similar and for calculation of
other compounds, the mean value of the menthol content was used.
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TABLE Ill. Composition of the essenia oil (EO) obtained by steam distillation and extracts
obtained at 40 °C under different extraction pressures

Content of compound, %

Compound EO Pressure, bar
100 150 200 300 400

D,L-Limonene 0.46 0.23 - - - -
Limonene 0.98 0.54 - - - -
Cineole 4.04 2.32 - - - -
S Terpineol 2.90 2.73 040 035 - -
L-Menthone 37.15 27.08 2.18 1.98 1.74 -
|so-menthone 10.33 8.79 0.79 0.76 - -
Menthol 30.67 28.54 547 6.54 6.09 3.39
4-Terpineol 1.48 122 - - - -
o-Terpineol 0.48 0.70 - - - -
Pulegone 240 222 0.22 - - -
Piperitone 0.95 0.76 - - - -
Menthyl acetate 5.46 4.67 0.69 0.84 0.72 -
[-Caryophyllene 0.76 4.34 0.80 1.05 0.90 -
Nerolidol - 0.58 - - - -
Germacrene-D - 5.03 0.86 0.97 0.92 -
Bicyclogermacrene - 1.65 131 0.35 - -
[Bisabolene - 0.35 - - - -
Elemene - 0.23 - 0.15 - -
Viridiflorol - 0.39 - 0.15 - -
trans-Pinene — 0.17 0.19 0.50 0.43 1.62
Palmitic acid - - 1.16 0.98 0.83 0.80
9,12,15-octadecatriene-1-ol - - 3.77 3.81 5.57 8.96
Linoleic acid — - 0.47 0.31 0.41 -
Diethylmethylborane - - 3.08 1.90 - -
Vitamin K - - - 2.68 - -
14- f-Pregnane - - 0.98 0.34 5.49 6.99
Hexacosane - 0.59 7.29 7.27 16.20 18.60
Octacosane - 0.28 1.71 1.09 1.39 1.50
Vitamine E - - 1620 238 1172 16.91
8-Hydroxysclerodine - - 5.95 254 0.73 1.30
Neophytadiene - 0.49 0.60 2.08 2.27 3.60
Tricosane - - 2926 2832 3.00 -
Tetratriacontane - - - 0.45 1.00 1.73
Heptacosane - - 0.92 0.68 1.88 185
Stigmast-5-en-3-ol - - - 5.18 - -
Ergost-5-en-3-ol - - - 5.16 - -
Squalene - 1.76 492 1140 2567 2355
Nonadecane - - 3.17 3.78 4.29 4.33
Triacontane - 0.52 4.32 2.27 3.27 0.54

Total 98.06 96.18 96.71 96.26 9453 95.67
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L-Menthone was present in the highest amount (37.15 %) in the mentha EO.
The most important mentha compound, menthol had a content of 30.67 %. In
addition, the other predominant compounds of the mentha EO were iso-menthone
(10.33 %) and menthyl acetate (5.46 %). These four compounds made up 83.61 %
of the mentha EO.

The SFE of mentha by CO» was performed at a pressure of 100 bar and a
temperature of 40 °C for 2.5 h (i.e,, the same time as prescribed for steam dis-
tillation by Ph. Jug. 1V12), whereby the first extract was obtained (extract No. 1).
The same mentha sample was extracted at a higher pressure (150 bar) for 0.5 h
whereby the second extract was separated (extract No. 2). The extraction yields
obtained under different extraction conditions are shown in Tablel.

The results of the GC-MS analysis of the extracts No. 1 to No. 5 are shown
inTablelll.

The extraction yield of extract No. 1 (obtained at a pressure of 100 bar and
40 °C; solvent density 0.630 g/ml) was higher (3.57 %) by about 12 % than the
amount of EO obtained by steam distillation (3.19 %). Extract No. 1 had a si-
milar composition to mentha EO. However, because of the co-extraction of com-
pounds not present in the EO obtained by steam digtillation, the contents of L-men-
thone and menthol were lower (27.08 and 28.54 %, respectively). In this extract,
the total % of the four main compounds (menthone, iso-menthone, menthol and
menthyl acetate) was also lower (69.08 %) than in the EO (83.61 %).

By increasing the pressure to 150 bar (and subsequently to 200, 300 and 400
bar), an attempt was made to perform selective extractions, i.e., to determine the
remaining components in the mentha sample without the EO. The yield of the
remaining components obtained at 150 bar was only 0.44 % (Table 111 shows the
content the compounds in extract No. 2). The predominant compounds of extract
No. 2 were tricosane (29.26 %) and Vitamin E (16.20 %), with traces of the
mentha EO compounds. Primarily, the yields of menthol and menthone show the
incomplete extraction of EO (i.e., only about 24 mg of menthol and 10 mg of
menthone were extracted in the steam distillation in comparison to 1019 mg of
menthol and 967 mg of menthone obtained from 100 g of menthe present in
extract No. 1).

By increasing the pressure to 200 bar, the extraction yield was a lower (0.40
%) than that obtained at 150 bar (0.44 %). The predominant compounds in ex-
tract No. 3 were tricosane (28.32 %) and squalene (11.40 %). Menthol (6.54 %)
and menthone (1.98 %) were still present in this extract. Then, the extraction was
continued at a pressure of 300 bar and extract No. 4 was obtained in very low
yield (0.23 %). Menthol (6.09 %) and menthone (1.74 %) were detected, but the
predominant compounds of extract No. 4 were squalene (25.67 %) and hexaco-
sane (16.20 %), aswell as Vitamin E (11.72 %). Finally, the extraction at 400 bar
yielded in 0.21 % of dry extract (extract No. 5). Menthone was not detected in
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the final extract, but menthol was (3.39 %). This percent of menthol correspond-
ed to about 7 mg/100 g of mentha leaves. The predominant compounds of extract
No. 5 were sgualene (23.55 %), hexacosane (18.60 %) and Vitamin E (16.91 %).
The total % of the four important mentha compounds (menthone, iso-menthone,
menthol and menthyl acetate) in extracts No. 2 to No. 5 were 9.13, 10.12, 8.55
and 3.33 %, respectively.

For the investigation of the influence of temperature on the SFE of mentha, a
pressure of 100 bar was chosen. The temperatures of extraction were 35, 40, 45
and 50 °C. The extraction procedure, as well as extraction yield and menthol
content in the obtained extracts are shown in TableI1.

The highest extraction yield was 3.57 % at a temperature of 40 °C (i.e., 1019
mg/100 g of mentha leaves of menthol were extracted). The highest content of
menthal in the extract obtained at 50 °C (33.62 %) corresponds to a menthol ex-
traction yield of 980 mg/100 g of mentha leaves. The effect of operating tempera-
ture on the extraction yield, as well as on menthol yield, could be explained
through the solvent density obtained at the investigated temperatures. The solu-
bility of the mentha compounds was the highest at a CO» density of 0.630 g/ml,
i.e., at atemperature of 40 °C and a pressure of 100 bar than at the other invest-
tigated dengities, i.e., temperatures (Table I1).

For modelling of the investigated extraction system, mentha—supercritical
carbon dioxide, the simple equation of Naik et al.11 was employed:

Yot

Y bt @

where: y is the extraction yield after time t; y.. is the maximum extraction yield
and b is a constant.
The linear form of Eq. (2):

1 b1 1

—_— =4 —

Y Yol VYo
was used for calculating the parameters of Eq. (2). The obtained values for mo-
delling the system through total extract yield and menthol yield for SFE of men-

thaare shownin Tables IV and V, respectively.
TABLE IV. Vaues of y., and b for menthatotal extract

3

t/°C Yol % b Correlation coefficient,r  Mean relative deviation (MRD?), %
35 6.29 101.96 0.977 14.75
40 5.47 62.32 0.990 7.72
45 3.62 42.31 0.999 1.95
50 5.59 91.86 0.978 10.85
51¥e " Yeliop
2MRD = Ye , Wherey,. isthe calculated value, y, the experimental value and n the number of points

n



TABLE V. Vaues of y., and b (Eg. (3)) for menthol extraction
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t/°C Yool % b Correlation coefficient,r Mean relative deviation (MRD), %
35 1.85 101.93 0.976 14.60

40 1.56 62.32 0.990 7.73

45 1.09 42.16 0.999 1.88

50 184 110.40 0.979 12.56

The obtained model equations, as well as experimental points, are shown in
Figs. 1 and 2 for the total yield of extract and for the menthol yield, respectively.
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Fig. 1. Dependence of 1/y on 1/t for menthatotal extract.
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Fig. 2. Dependence of 1/y on Ut for menthol extraction. Legend: ¢ — 35 °C;
A—40°C; x—-45°Cando—-50°C.
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The obtained values of the mean relative deviation (Tables IV and V) show
the possibility of using the equation of Naik et al.11 for the extraction process of
the investigated system mentha—supercritical carbon dioxide through the total ex-
tract yield and menthol yield. The applied equation shows a good fit for the ex-
traction process at the temperatures of 40 and 45 °C, but for the temperatures of
35 and 50 °C, some another model equation, with a better fit of the experimental
results should be applied.

CONCLUSIONS

The content of mentha essential oil (EO) in mentha leaves was 3.19 %, con-
taining menthol (30.67 %) and L-menthone (37.15 %). These values are in the
good agreement with the results of other authors. The SFE conditions, such as the
operating temperature and pressure, i.e., solvent density, are very important for
an optimum extraction process. Due to this, different combinations of pressure
and temperature were investigated in this work. For the production of a mentha
most similar to the mentha EO obtained by steam distillation, the extraction con-
ditions are 100 bar, 40 °C and an extraction time of 2.5 h.

For the investigations of the influence of temperature on the SFE mentha
with CO», the temperatures of 35, 40, 45 and 50 °C (no thermal decomposition of
the mentha compounds present), at a pressure of 100 bar, were chosen. The ex-
traction kinetics through the total extract yield, as well as menthol yield, was
described by the model equation of Naik et al. The applied equation showed a
good fit only for the extraction process at the temperatures of 40 and 45 °C.

N3BOJI

EKCTPAKIIUJA MEHTE (Mentha piperita L.) CYTIEPKPUTUYHUM CO,
ITPU PA3JIMYUTUM I'YCTUHAMA PACTBAPAUA

30PAH 3EKOBWRY, JKMKA JIETIOJEBIRY, CTABUIIA MUJITRY, JYIIIAH AI[AMOBI/ITI2 n UBPAXUM MYJUR®

YYuusepsuitiei y Hosom Cady, Texnoaouku haxyaisieisi, KaiieOpa 3a 6u0iiexHon0Zujy it (papmayeyicko
unicerepciuiso, byaesap Llapa Jlasapa 1, 21000 Hosu Cao, ZHHCIEumym 3a paitapciiso u Hospiiapcitieo,
Markcuna T'oproz 30, 21000 Hosu Cao u 3University of Biha¢, Biotechnical Faculty,

Kulina Bana 2, 77000 Biha¢, Bosnia and Herzegovina

KBanuTaTHBHM M KBaHTHTATHBHU CacTaB CTApCKOT yJba M EKCTpaKaTa MEHTEe JOOWjeHHX Ha
Pa3IMYIUTHM [PUTHCHUMA/TEMIIepaTypaMa eKCTPAKINjoM CYHEPKPUTHYHEM GIyHaoM cy oapelhe-
nu MetogoM GC-MS. Canpixaj menrona oapeheH je cnekrpodoromerpujcku. DomuHaHTHE KOMITO-
HEHTE y €TapCKOM yJby Ccy L-MeHTOI U MeHTOH, kao U y CO, ekcTpakTy JOOHjEeHOM IIPH NMPUTUCKY
on 100 bar, nox je y excrpakruMa o6ujernm npu Behum nputucuuma (ox 150 no 400 bar) nomu-
HAaHTHA KOMIIOHEHTAa CKBaJIeH. Za MOJEJIOBamke HCHMTHBAHOI EKCTPAKIMOHOI CHCTEMa MEHTa—
CYNEPKPUTHYHH YTIbEHIHOKCH/I IpUMetbeHa je jannadnna Naik-a u capagHuka.

(Mpumsseno 20. maja, peBuaupano 28. okroopa 2008)
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Abstract: The evaporation heat transfer coefficient of the refrigerant R-134ain
avertical plate heat exchanger was investigated experimentally. The area of the
plate was divided into several segments along the vertical axis. For each of the
segments, the local value of the heat transfer coefficient was calculated and
presented as a function of the mean vapor quality in the segment. Owing to the
thermocouples installed aong the plate surface, it was possible to determine
the temperature distribution and vapor quality profile inside the plate. The in-
fluences of the mass flux, heat flux, pressure of system and the flow configu-
ration on the heat transfer coefficient were also taken into account and a com-
parison with literature data was performed.

Keywords: plate heat exchanger; evaporation; R-134a; heat transfer coefficient.

INTRODUCTION

Plate heat exchangers (PHE) have been widely used for almost a century due
to their good thermal performance, modest space requirements, easy accessibility
to all areas and lower capital and operating costs in comparison to the most com-
monly used shell-and-tube heat exchangers. In the past, PHE were extensively
used in the food and pharmaceutical industries but their application field has
expanded to the chemical, petrochemical and process industries. In refineries and
petrochemical plants, PHE are applied to many hydrocarbon processes, including
catalytic reforming, desulphurization, isomerization, and aromatic recoveries.
Typical applications of PHE in the chemical industry are as coolers of acetic
acid, sulfuric acid and organic solutions.

Their high thermal performance and compactness made PHE suitable as eva-
porators or condensers in many refrigeration, air conditioning, and heat pump
systems where the fluid acting as the heat source or heat sink is a liquid. For

* Corresponding author. E-mail: emila@tmf.bg.ac.rs
# Serbian Chemical Society member.

doi: 10.2298/JSC0904427Z
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these purposes, various refrigerants have been used as working fluids. Serious
depletion of the ozone layer in the atmosphere and global warming problems
created a need for the development of new refrigerants, such as R-134a, R143a,
R-407c, R-410a, R-417a or R-507, with low values of ozone depletion potential
(ODP) and global warming potential (GWP). Application of these refrigerants on
the other hand required the knowledge of their thermodynamic, thermophysical,
and heat transfer properties.

Literature data on two-phase heat transfer, especially for the new refrigerants
in PHE, are relatively scarce. In the past years, experimental data for evaporation
heat transfer in PHE were published by a few research groups. Experimental
investigations on evaporation heat transfer of different refrigerants in PHE are
summarized in a previous paper.l Yan and Lin2 explored the evaporation of the
refrigerant R-134a in a plate heat exchanger. Their data, used in this study for
comparison, produce the local heat transfer coefficient for a 60° chevron type
plate as a function of the vapor quality, mass flux and heat flux. A few years
later, using the same setup, Hsieh et al.3 investigated the subcooled flow boiling
of R-1344a, as well as the heat transfer characteristics of the refrigerant R-410a
during evaporationt and saturated flow boiling processes.® The evaporation and
condensation of R-134a were also the subject of our previous investigation.1.6-8
Previously, heat transfer during the boiling process was explored on different
plate geometries and with severa refrigerants (R-12, R-22, R-113 and R-717)
used as the working fluid.9

The aim of this work, which is a continuation of our previous investiga-
tions,1.6-8 was to obtain values of the local heat transfer coefficients as afunction
of vapor quality for different mass and heat fluxes, system pressures and flow
configurations. Local temperature measurements along the plate produced tem-
perature profiles and alowed the calculation of vapor distribution along the plate
during evaporation.

EXPERIMENTAL

The experimental system used in the present investigation included two vertical PHE — an
evaporator and a condenser. It consisted of two main loops, a refrigerant loop and a water—
—glycol loop, as well as of a data acquisition unit. A detailed description of the experimental
setup can be found in a previous paper! and a schematic representation of the system is given
in Fig. 1. During the experiments, the temperatures, pressures, and flow rates were measured
in both loops of the system. The refrigerant loop contained an evaporator (1), separator (2),
expansion valve (3), inner heat exchanger (4), compressor (5), two oil separators (6), conden-
ser (7), refrigerant collector with a level indicator (8), two sight glasses and also two volume
flowmeters. A vertical plate and a frame heat exchanger was used as the condenser (7). It
consisted of 10 plates forming 4 channels for the refrigerant and 5 for the secondary fluid
flow, as shown in Fig. 2. Except the two single plates at each end of the stack, the remaining 6
formed 4 double-plate cassettes, inside of which the refrigerant flow passed. The plate chara-
cteristics are given in a previous paper! and a schematic representation is shown in Fig. 3.
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Fig. 3. Plate geometry and thermocouples posi-
tion; @) wall temperature thermocouples and b)
a) b) fluid temperature thermocouples.

A specia feature of this setup is the measurement of the temperature profile along the
plate inside the PHE. Thermocouples (type K, 0.5 mm diameter) were welded along the plate
surface in a vertical line on the two middle cassettes for local temperature measurement. The
thermocouples were used for measuring the wall temperature on one of the plates and the fluid
temperature on the other one, which enabled a direct calculation of local heat transfer coeffi-
cients on the water—glycol side. The wall temperature thermocouples were fixed onto the pla-
tes via small dimples of silver solder, while the fluid temperature thermocouples were fixed a
few millimeters below the temperature sensitive head and bent into the middle of the fluid
flow channel. The thermocouples were calibrated repeatedly with single phase flow on both
sides of the PHE to ensure reliable temperature readings.

In the central horizontal line of the plates, three fluid thermocouples were placed late-
rally next to each other to check on possible maldistribution within one plate channel. Since
their temperature readings agreed within £1 °C, lateral flow maldistribution seemed to be ne-
gligible. Additional thermocouples were installed on each of the remaining two cassettes, at
theinlet and at the outlet of the secondary fluid channels, to check on possible maldistribution
of the secondary fluid between the plates of the PHE.

Typical temperature profiles along the plate (measured temperatures of the secondary
fluid and calculated refrigerant temperatures) are shown in Fig. 4 for concurrent and in Fig. 5
for countercurrent flow. In addition to the measurements by the thermocouples, the tempera-
ture of both fluids at the inlet and outlet ports of the condenser were measured by Pt100 resis-
tance thermometers, calibrated against a PTB standard (Physikalish Technische Bundesanstalt
Braunschweig, Germany). The differential and absolute pressures were measured using Ho-
lox-membrane pressure transducers connected to the inlet and outlet ports of the PHE.

In order to obtain various test conditions, such as the vapor quality at the exit of the eva-
porator, pressure, flow rate, and imposed heat flux, various water—glycol flow rates were used
and the compressor power was changed.

Since the evaporator operated in the thermosyphon mode, the refrigerant mass flux in the
evaporator sub-cycle was higher than the mass flux within the loop, thus two flowmeters were
required on the refrigerant side. At the evaporator inlet, the volumetric flow rate of the refri-
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gerant was measured by a calibrated KROHNE Ultrasonic Flowmeter (type UFM 3030) with
an uncertainty of +1 % and before the expansion valve by a turbine flowmeter, calibrated in-
-house, with an uncertainty of around 2 %. The water—glycol loop consisted of two sub-cy-
cles, one connected with the evaporator and the other with the condenser. For temperature and
pressure measurements of the secondary fluid, Pt100 thermometers and pressure transducers
were used at the inlets and outlets of both heat exchangers. The flow rate was measured by a
turbine flowmeter with an uncertainty of £1.5 % in the evaporator sub-cycle and by a TRIMEC
Multipul se Positive Displacement MP025 flowmeter with an uncertainty of 0.5 % in the con-
denser subcycle. The resistance thermometers, the pressure transducers, and the flowmeters
were calibrated repeatedly.

m,, = 50 kg/m’s; g, =12 kw/m*

flux
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The data acquisition system included a recorder (KETHLEY 2750 Multimeter), a power
supply, and a personal computer. The temperature and voltage data were recorded and the
collected data signals were then transmitted through a GPIB interface to a computer for fur-
ther analysis. The experiment was monitored and controlled, and a preliminary balance check
was redlized by aroutine written in the LabVIEW® program.
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For calculation purposes, the plate area was divided into severa segments along the ver-
tical axis, on the borders of which thermocouples were installed on the cooling liquid side
(Fig. 3). The energy balance for each of the segments was checked and the amount of heat
transferred calculated. Since the heat transfer coefficients were calculated separately for each
segment of the plate, they represent local values.

For every segment of the plate, the heat flux between the two fluids, gy, was calculated
using the water—glycol side data:

Oy = mh,ccp,h (Th,x,i _Th,x,o)/Ax 1)

where my, ¢ is the mass flow rate of the heating fluid through one channel and Ty, x; and T«
aretheinlet and outlet temperatures for one segment on the water—glycol side, respectively.
The area of the segment available for heat transfer, A,, was calculated from the equation:

A =21, Bp<D @)

where L, isthe length of the segment, B,, the plate width and & the area enhancement factor.
The local heat transfer coefficients for the single phase water—glycol mixture, o, x were
determined as:

Ox
-T

w,h, x

3

O x =
, X
The mean vaues of the fluid temperature, Ty, y, and wall temperature, Ty, p,x, in each seg-
ment, from the heating liquid side, were calculated from the measured inlet and outlet tem-
peratures. Wall temperature from the refrigerant side, T, ( x, can be expressed as:
a,9,
Tw,r,x =Tw,h,x - 2 . 4
P
where ¢, and A, are the plate thickness and the thermal conductivity of the plate material,
respectively.
Finaly, local heat transfer coefficients, ¢; x, were determined from the equation:

Ax
al’,x = W,h,)( T s < < (5)
Tw,r,x _Trs,x( prs,x)

where Tg, is the refrigerant evaporation temperature, determined as a function of the satu-
ration pressure, pg .

The saturation pressures at the chosen positions along the plate, pg,, were calculated
with an uncertainty of lessthan 10 % from the measured overall pressure drop.

Heat released from the heating fluid was partly used for heating the refrigerant to the
saturation point, o s sens, and partly for evaporation, g g -

Ox = Orssens T Orslat 6
G x,sens = (Tr?x _Tr,i )mr,ccp,r / A )
O xja = My ANAXA (8)

In Egs. (6)<8), m ., represents the mass flow rate of the refrigerant through one channel,
T, isthe refrigerant temperature and Ah, is the specific enthalpy of vaporization.

Since the sub-cooling of the refrigerant was very small, usually a few degrees, the eva
poration process began in the first segment of the plate. In this segment, both termsin Eq. (6)
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were taken into account. In all of the following segments, the heat transferred to the refrige-
rant was used only for evaporation.
The change in the refrigerant vapor quality, Ax, was calculated from Eq. (9):
_ qr,x,s!atAS(
nnlr,c,hAhv

AX 9

An uncertainty analysis was conducted on the basis of a procedure suggested by Mof-
fat.10 In the cases where a quantity, for example a heat transfer coefficient, could not be di-

rectly measured, it could be calculated from a set of measurements using a data fitting pro-
gram represented by

y= f (le X2y X35+ -XN) (10)
The directly measured variables, (X1, Xp, X3,...Xy) Were presented in the following form:
X = Xiep + UX) (11)

where X; ey iS the measured value and u(x;) is the uncertainty based on specific probability.

The uncertainty in the calculated result has to be expressed with the same probability as
that used in the estimation of the uncertainties in the measurements. According to Kline and
McClintock,! the uncertainty in a calculated variable could be estimated with good accuracy
using aroot-sum-square combination of the effects of each of the individual inputs

2

of
u(y)= 2| [=—| ux) (12)
| L%
Xiji
If the calculation from Eq. (12) involves an expression that is difficult to differentiate,
the numerical approach may be used.10
For calculation purposes, Eq. (12) was transformed into a more suitable form:

f(x +0)—f(x -0
u(y)=\/Z( Oo+ )25 0529 ik )2 (13)

where ¢ is the uncertainty interval.

More details on uncertainty analysis, calculation procedures and possible sources of un-
certainties are given in literature.’2 The uncertainties of the thermophysical properties, as well
as the uncertainties of the instrumentation, were taken into account and the evaluation results
are summarized in Tablel.

TABLE |. Estimated uncertainties

Parameter _ Uncertainty
Relative Absolute
Geometry of the plates
Length, width and thickness +1.5% +5x10° m
Area +4.5% +7x105 m’
Measuring instruments
Temperature, PT100 +15% +0.1°C
Temperature, TC 5% +0.4°C

Pressure transducers +1% +200 Pa
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TABLE I. Continued

Parameter ' Uncertainty

Relative Absolute
Water flowrate — turbine +1.5% +1.0 min?
Water flowrate — multipul se positive +0.5% +0.35 min1
displacement flowmeter
R134 flowrate — ultrasonic flowmeter +1% +0.15 min?
R134 flowrate — turbine +2 % +0.3 min?
Evaporation heat transfer
Heat flux +7.5% +1.7 kW m2
Vapor quality 185 % +0.05
Heat transfer coefficient +15% +400 W m2 K1

RESULTS AND DISCUSSION

A series of experiments on R-134a evaporation in a vertical PHE were con-
ducted under different test conditions. The evaporation temperature was varied
from —8.85 to 11.08 °C (saturation pressure from 0.21 to 0.43 MPa), the values of
the refrigerant mass flux were between 40 and 90 kg m—2 s-1 and the correspond-
ing values of the heat flux were from 9 to 15 kW m—2. The experiments involved
both concurrent and countercurrent flow of fluids through the evaporator. The
working conditions of pressure, mass flux, heat flux and flow configuration du-
ring the experiments presented in this paper are summarized in Table II. The

TABLE II. Working conditions during the experiments

Name Flow No. of compressor  Pressure Heat flux Mass flux
configuration cylinders MPa kw/m? kg/m?2 s
LTEST 1 Concurrent 2 0.33-0.38 9 50
LTEST 2 2 60
LTEST 3 2 75
LTEST 4 2 10 50-55
LTEST 4a Countercurrent 2
LTEST 5 Concurrent 2 60
LTEST 5a Countercurrent 2
LTEST 6 Concurrent 2 65-70
LTEST 7 2 75-80
LTEST 8 Countercurrent 2 85
LTEST 9 Concurrent 2 0.38-0.44 10 55-60
LTEST 10 2 75-80
LTEST 11 2 11 55-60
LTEST 12 2 6065
LTEST 13 Concurrent 4 0.25-0.27 12 45-50
LTEST 14 Countercurrent 4 13.5 6070
LTEST 15 Concurrent 4 0.27-0.30 145 50-60
LTEST 15a Countercurrent 4 145
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thermophysical properties of R134-a, necessary for the calculation of the local
heat transfer coefficients and pressure drops, were taken from the REFPROP
database.13 The calculated values of the local heat transfer coefficients and pres-
sure drop in each of the segments are graphically presented as functions of the
mean vapor quality in the segment. The mean vapor quality, xm, is the average
vapor quality in the segment, estimated from the inlet value x; and the vapor
quality change Ax.

Influences of the refrigerant mass flux, heat flux, system pressure and flow
direction on the evaporation heat transfer were analyzed closely. The influence of
mass flux on the heat transfer coefficient in the case of concurrent flow isillus-
trated in Fig. 6. The heat transfer coefficient increases with increasing mass flux,
more significantly for higher vapor quality, which would indicate the dominance
of the convective boiling regime. A similar dependency is shown in Fig. 7 for the
case of countercurrent flow. This tendency could be explained by the fact that
with a higher vapor quality, the liquid film on the plate surface is thinner and
since this film represents an additional resistance to heat transfer, the resulting
effect on the heat transfer coefficient becomes favorable. This behavior is, how-
ever, contrary to the usual assumption that for small and medium vapor qualities,
nucleate boiling is dominant, hence, the heat transfer coefficient is independent
of mass flux and vapor quality. It should be noted here that these local values do
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Fig. 6. Influence of mass flux on the heat
transfer coefficient; concurrent flow.
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Fig. 7. Influence of mass flux on the heat
transfer coefficient, countercurrent flow.
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not correspond to the succeeding values along the plate length within one specific
run. As the heat flux changes significantly along the plate, the results presented
in Figs. 6-8 and 11-12 have been sorted into groups of similar mass and heat
fluxesin order to be comparable.

The effect of heat flux on the heat transfer coefficient is shown in Fig. 8 for
three heat fluxes, keeping the mass flux and system pressure constant. An in-
crease in the heat flux induces an increase in the heat transfer coefficient, al-
though the effect is not as significant asin the previous case of the influence of mass
flux. For smaller heat and mass fluxes, the heat transfer coefficient seems to re-
main constant, or even dlightly drop, after reaching the maximum value, as can be
seen in Figs 6-8. A similar behavior was also noticed earlier.12 For higher values
of heat flux (Fig. 8, gfux = 14.5 kW m2), this tendency does not seem to appear.
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00 01 02 03 0.4 05 06 07 ' 018 ' 019 Fig. 8. Influence of heat flux
X on the heat transfer coefficient.

Concurrent and countercurrent flows are compared and analyzed in Figs. 9
and 10. The concurrent flow seems to give a more than 10 % higher heat transfer
coefficient and higher outlet vapor quality than the countercurrent flow, under si-
milar working conditions. In Fig. 10, the vapor quality is shown as a function of
the plate position for two countercurrent flow cases and the corresponding con-
current flow cases. The vapor quality increases more quickly in the case of the
concurrent flow, as a result of larger temperature difference at the entrance, as
can beseeninFig. 4.

The last analyzed parameter is the system pressure, which exhibits only a
smaller influence on the hesat transfer coefficient, as can be seenin Fig. 11.

The results of the series of measurements under various experimental con-
ditions are compared with literature data? in Fig. 12. Although the measurements
of Yan et al.2 were conducted in a PHE of different geometry, satisfactory agre-
ement was achieved.
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CONCLUSIONS

The effects of the refrigerant mass flux, heat flux, vapor quality, system
pressure and flow configuration on the evaporation heat transfer coefficient were
investigated and discussed. A specia feature of the employed experimental setup
was the measurement of temperature profiles along the plates inside the PHE,
which allowed the calculation of local values of the heat transfer coefficient as a
function of the vapor quality. As aresult of the investigation, the following con-
clusions can be drawn:

—increasing the vapor quality induces an increase in heat transfer coefficient
during R-134a evaporation;

— increasing the refrigerant mass flux and the imposed heat flux resultsin a
better evaporation heat transfer coefficient, although the effect of the heat flux
seems to be less significant;

— the question of the dominant boiling mechanism remains unresolved. It
seems that convective boiling is dominant, at least for the smaller values of heat
flux. More data are required to clarify the limits and the overlap of the relevant
boiling mechanisms;

— the concurrent flow configuration gives higher values of the heat transfer
coefficient than the countercurrent flow configuration, due to the higher tempe-
rature differences between both fluids and faster rise in vapor quality in the en-
trance region.

NOTATIONS

A Heat transfer area, m?

By Width, m

Cp Specific heat, Jkgl K1
L Length, m

m Mass flow rate, kg/s

M Massflux, kg/m2 st

ps Saturation pressure, Pa

q Heat flux, W/m?

T Temperature, K

T Saturation temperature, K
Tw Wall temperature, K

Ah,  Specific enthalpy of vaporization, Jkg
uly) Measurement uncertainty
X Mean vapor quality
Greek letters

Heat transfer coefficient, W/m2 K-1
Thickness of the plate, m

Area enhancement factor due to corrugation
Thermal conductivity of plate material, W/m K
Angle of plate corrugation, deg.

T8 R
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Subscripts

Channel

Inlet

Hot water-glycol mixture
Outlet

Plate

Refrigerant

Segment
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X T O ™0

U3BOJ

JIOKAJIHY KOEOUITUJEHTH TIPEJIA3A TOIUIOTE ITIPU UCITAPABABY
1,1,1,2-TETPA®JIYOPETAHA (R-134a) V INIOYACTOM PASMEBUBAYY TOIIJIOTE

EMIIA )KUBKOBU'RY, STEPHAN KABELAC? u CJIOBOJIAH LIIEPEAHOBUR!

1TexH0/me0—Memaﬂypumu axyaitieii, Ynusepsuiiein y beozpady, Kapuezujesa 4, 11120 beozpao u
2Helmut Schmidt Univerzitet u Hamburgu, Holstenhofweg 85, D-22043 Hamburg, Germany

VY 0BOM pamy je eKCIepHMEHTAIHO MCHUTHBAH KOe(UIMjeHT Ipena3a TOIUIOTe P JBOda3-
HOM TOKy pacxiamnor ¢uymma 1,1,1,2-terpadayopoerana (R-134a) y BepTHKAIHOM ILIOYACTOM
pa3MemHBady ToIUloTe. [TOBpIIMHA IUIOYE je MOACI/hECHA Y HEKOJIHMKO CerMeHara JMyK BEpTHKAIHE
oce. Y CBaKoM OJf CerMeHaTa M3pavyHaTa je JIOKaJHa BPeAHOCT KoeduIMjeHTa npesasa TOIIoTe 1
npuKa3aHa y QyHKIMjU Cpeliber creneHa cyBohe y cerMeHTy. 3axBajbyjyhn TepMorapoBiMa noc-
TaBJLEHUM JIy’K TIOBPIIHHE TJ109e, OMIo je Moryhe opeiuTH TeMIepaTypHe npoduiie u pacrnoaeny
creneHa cyBohe Iyx Iuiode. MicnuTuBaHu cy yTHIAjH MaceHOT (DIyKca, TOIUIOTHOT (IIyKca, paJHor
MPUTHUCKA U KOHPHUTYpalije ToKa GiIynaa Ha KOe(PUIMjeHT Ipeia3a TOIIOTE ¥ U3BPIICHO je mope-
heme ca ogrosapajyhum nuTepaTypHIM NOAUMA.

(Mpumsseno 10. jyna, peuaupano 30. okrodpa 2008)
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Abstract: In this study, a technological procedure for the production of a mol-
ding compound based on short carbon fibers and an ablative phenol-formal-
dehyde resin for high temperature application was optimized. The starting raw
materials were characterized and molding compounds with different fiber/
/matrix ratios and different fiber lengths were obtained. From the different la-
boratory samples, molded parts were made by thermocompression. The basic
mechanical and thermal properties of the composites were determined. From
the obtained results, the optimal fiber/matrix ratio was determined for a pro-
duction of molding compound for high temperature application. The molding
process of the composite material was optimized and all the parameters for
good mechanical properties and high thermal stability of the composite were
obtained. Optimization of the composite molding process was performed by the
application of a numerical method for a planned experiment, i.e., a full three-
-factorial experimental design with variance of all three parameters (fiber length,
temperature and time of the press cycle) on two levels. The obtained mecha-
nical properties (flexural strength: 247 MPa, modulus: 27.6 GPa, impact resis-
tance: 110 (for test moldings 10 mmx10 mm) and 91 kJ/m? (for test moldings
15 mmx15 mm)) justified the application of this composite material in the
automotive, leisure, military and other industries where high temperature resis-
tance and high mechanical strength is required.

Keywords: molding compound; phenol-formaldehyde resin; carbon fibers;
composites; thermocompression.
INTRODUCTION

Phenolic composites reinforced with carbon fibers are mostly used for the
production of responsible parts for various industries, among which those for high
temperature applications are of particular significance.l

*Corresponding author. E-mail: vineta.srebrenkoska@ugd.edu.mk; srebrenkoska@yahoo.com
doi: 10.2298/JSC0904441S
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Phenolic resins are known for their excellent thermal properties and chemi-
cal stability. In the field of advanced composite materials, phenolic based compo-
sites are known for their excellent flame resistance and are excessively used in
the rocket industry because of their ablative characteristics.

Carbon fiber-reinforced phenolic resins are particularly effective in resisting
high temperatures, since the resin evaporates and burns at the surface creating a
thermal protective layer.2-4

The gel time (B-time) of phenolic resins at 150 °C ranges from 1 to 3 min.
The weight loss at temperatures higher than 500 °C is about 40 %.5

Phenolic bulk molding compound (BMC) composites have excellent dimen-
sional stability at high temperatures, excellent strength and heat insulation pro-
perties and high durability.6.7

The properties of short fiber—polymer composites are strongly dependent on
the volume fraction and orientation distribution of the fiber and on the adhesion
between the fibers and matrices. The fiber volume fraction is usually fairly tight
controlled, although some segregation of fibers and polymer may occur during
fabrication. The fiber orientation distribution changes when the molding condi-
tions change, but it is difficult to control 8.°

Thermosetting short fiber reinforced composites have unique property com-
binations. Thus, typical strength values are in the range from 150 to 200 MPa and
Young’s modulus values are in the range 10-18 GPa.8 The differences in fiber
orientation distribution usually occurs within the moldings, particularly through
the wall thickness, and this can lead to a composite with unequal mechanical pro-
perties.8

In this study, the influence of the basic processing parameters and length of
the carbon fibers on the basic mechanical and thermal properties of phenol-form-
aldehyde composites were investigated. According to the test results, the optimal
processing parameters of the compound were determined. One of the possible
applications of such a composite is expected to be for the production of load-bear-
ing and high temperature resistant parts of anti-hail rockets, such as the nozzles.

EXPERIMENTAL

For the production of the molding compound, a resol-type phenol formaldehyde resin
(under the trade name Borofen DX 30), see Table I, and carbon fiber type T800 (under the
trade name Toray), see Table I, were used.

Thermal characterization of the resin was performed by thermogravimetry, TG, (Thermo
Gravimetric Analyzer 980 of Du Pont de Numerous), differential scanning calorimetry, DSC,
(Perkin Elmer DSC-7 analyzer) and through determination of the gel time at different tempe-
ratures.

The molding compound was produced by mixing resin and carbon fibers (cut at different
lengths, 25 and 50 mm) in a universal mix and knead machine (Werner Pfleiderer, Germany).
The produced molding compound was dried at 80 °C for 30 min. The content of volatile mate-
rials was kept at 2-3.5 %.
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TABLE I. Characteristics of phenol-phormaldehide resin, Borofen DX30 resol type, dissolved in
2-propanol

Property Value
Appearance Clear dark red solution
pH 7.3-7.8
Dry material content, % 68-72
Viscosity (Ford, 4mm), s 140-160
Content of free phenol, % Max. 6
Content of free formaldehyde, % Max. 2

-t ) 120 °C 8.0-11
Gel-time, min 150 °C 10-15

TABLE Il. Characteristics of carbon fiber

Property Value

Trade name “Toray” T800H

Producer Toray Industries Inc., Tokyo, Japan
Filaments count 12000

Density, g/cm? 1.81

Tex count, g/1000m 445

Filament diameter, um 8

Tensile strength, MPa 5.49

Tensile modulus, GPa 294

Elongation, % 1.9

The composites, i.e., moldings, were made by direct thermocompression on a semi-in-
dustrial press (Triulzzi, Italy).

The mechanical and thermal properties of the moldings, such as impact resistance (DIN
53453), compression strength (DIN 53454), flexural strength (DIN 53457) and the modulus
(DIN 53452), were determined and the heat deflection temperature was analyzed (according to
the Marthens method) (DIN 53 462). For all mechanical tests, a universal testing machine
(Schenk and Frank, Germany) was used.

A numerical experimental design method, i.e., a full three-factorial experimental design
(Table 111) was applied for optimization of the processing of the molding compound. The fol-

TABLE Il1. Plan-matrix for three-factorial experimental design

Characteristics (conditions of experiment) Experimental design matrix
X1 X2 X3 X1 X3 X X
X2 X3 X3 X

X4 X, (fiber X3 (curing Xo
(temperature, °C) length, mm) time, min)

X3
140 25 15 +1 -1 -1 -1 +1 +1 +1 -
160 25 15 +1 +1 -1 -1 -1 -1 +1 +1
140 50 15 +1 -1 +1 -1 -1 +1 -1 +1
160 50 15 +1 +1 +1 -1 +1 -1 -1 -1
140 25 35 +1 -1 -1 +1 +1 -1 -1 +1
160 25 35 +1 +1 -1 +1 -1 +1 -1 -1
140 50 35 +1 -1 +1 +1 -1 -1 +1 -1

160 50 35 +1 +1 +1 +1 +1 +1 +1 +1
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lowing parameters were varied: molding temperature (X;), fiber length (X,) and press cycle
time (X3). The base level for the first factor (X;) was 150 and the interval of variance 10; for
the second factor (X5), the base level was 37.5 and the interval of variance 12.5; for the third
factor (X3), the base level was 25 and the interval of variance 10. This experimental design
enables mathematical definitions, in form of regression equations, of the mechanical proper-
ties of the moldings as functions of the processing parameters. The regression coefficients were
statistically determined by application of the student’s criteria and the significance of the reg-
ression equations was tested according to Fisher’s criteria.10

RESULTS AND DISCUSSION

The dependence of the gel time on temperature, in range from 120 to 180 °C,
is presented in Fig. 1, from which it can be seen that the gel time of the resin
ranged from 500 to 50 s for 120 and 180 °C, respectively. A drastic reduction of
the gel time started at temperatures above 140 °C. From the technical point of
view, the determination of the gel time is important because it gives an indication
of the curing process of the resin and the phase transition from the liquid to the
solid state.

600
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Fig. 1. Temperature dependence of the
Temperature, °C resin gel time.

Curing of thermosetting resins are highly exothermic processes. This is most
critical when thick sections are molded. Addabbo et al.1 studied the curing of a
thermoset in a heated mold and showed the existence of a critical thickness be-
low which the cycle time was not dependent on the thickness of the part. Willi-
ams et al.12 found that the hottest plane does not always coincide with the center-
line and that the cure cycle time is not necessarily proportional to the thickness of
the part, as is often asserted. It is important to select the optimal wall temperature
so that the mold can be filled without premature gelling, and so that the maxi-
mum temperature in the part remains below a ceiling temperature, when degrada-
tion or undesirable side reactions may occur. When the cycle time is determined
by curing at the wall, it is important not to overestimate the critical conversion
needed to eject the part from the mold. The material must reach a critical conver-
sion level at which it is dimensionally stable and can be removed from the mold
without losing its shape or blemishing its surface. This is often described as the end
of the cure, though there will normally be further reaction (“curing”) after this time.
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The results of the weight loss of the resin, obtained at a constant heating rate
of 20 °C/min in an inert atmosphere, are presented in Fig. 2. From the TG curve,
four temperature ranges of weight loss of the resin DX 30 can be noticed. In the
first range 0-130 °C, the weight loss was insignificant, 3 %; in the second range
130-230 °C, there was a sharp decline of the curve, i.e., the weight loss of the re-
sin was higher, approximately 15 %, and in the third range 230-400 °C, the weight
loss of the resin was again insignificant. At a temperature of 400 °C, the weight
loss was approximately 18 %. From 400 to 600 °C there was again a sharp dec-
line of the weight loss curve, i.e., the destruction of the resin rapidly increased.
At a temperature of 550 °C, the weight loss of the resin was 33 %.

‘Weight loss, %

0 150 300 450 600  Fig. 2. Thermal degradation (TG) of the
Temperature, °C resin DX 30.

The preliminary characterization on the resin DX 30 was performed by DSC
analysis. The basic temperature transitions: glass transition temperature, tg, the
cure reaction temperature, t;, and the corresponding effects within these transi-
tions, ACp and AyH, were determined. The onset temperatures of the glass transi-
tions and the curing reactions were also determined. All the obtained values are
presented in Table IV.

TABLE IV. DSC results for ty and t, of the resin DX 30
tg, °C ty (onset), °C ACp, JIg K t, °C t, (onset), °C AH, Jg
73.5 67.7 0.60 189.8 155.4 83.4

According to the DSC results, the curing reactions of the phenolic resin be-
gin at 155 °C. Based on these results, as well as on previous experience, the pro-
cessing conditions for all samples were determined as follows: molding pressure,
p = 75 bar, molding temperature, t = 160 °C and processing cycle time, = 20 min.

Under the influence of the heat flux, the resin becomes viscous (vitrification
proceeds) and as heating progresses, it begins to degrade, producing a foaming
carbon-mass and ultimately a porous carbon char. The char is a thermal insula-
tion; the interior is cooled by the volatile material percolating through it from the
decomposing polymer. Thus, a char forming resin acts as a self-regulating abla-

tion radiator, providing thermal protection through cooling and insulation of the
interior.2:3,13,14
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From the molding compounds made with different fiber/matrix ratios (25/75,
45/55, 57/43, 67/33 and 75/25) and with different fiber lengths (25 and 50 mm),
test samples were prepared and the basic mechanical and thermal properties of
the composites were determined.

Mechanical properties

The analysis of the mechanics of short fiber composites is much more diffi-
cult than for continuously aligned fiber composites. There are two reasons for
this. Firstly, the stress transfer between the fiber and the matrix is not uniform
along the fiber, and there are fiber-end effects that can be neglected in continuous
fiber composites but that are important in short fiber composites. Secondly, in
short fiber composites, the fibers are never exactly parallel and may even have
random orientation.812,15

Tables V and VI present the impact strength, an 10 and an 15, respectively,
for the test sample-moldings as a function of the content and the length of the
carbon fibers.

TABLE V. Impact strength an 10 (o710 / kJ m2) of the moldings; x,; — average value of 5,
SD - standard deviation and C,, — coefficient of variation

Fiber length: 25 mm
Fiber content, %

Property 25 45 57 67 75
X 105 120 136 122 133
SD 7.90 7.30 4.00 9.60 8.50
Cy 7.50 6.00 2.90 7.80 6.40
Fiber length: 50 mm
X 128 130 163 125 156
SD 6.90 6.00 450 7.90 4.10
Cv 5.40 4.60 2.80 6.30 2.60

TABLE VI. Impact strength an 15 (o35 / kJ m2) of the moldings; x, — average value of 5,
SD - standard deviation and C,, — coefficient of variation

Fiber length: 25 mm
Fiber content, %

Property 25 45 57 67 75

X 875 98.7 85.1 105 94.2
sD 5.20 9.50 7.80 14.9 7.50
C, 5.90 9.60 9.20 14.2 8.00

Fiber length: 50 mm

X 783 87.2 116 109 98.0
sD 9.90 5.30 9.20 9.90 7.60
C, 12.6 6.10 7.90 9.10 7.70

The total impact energy that can be absorbed by the test specimens per unit
area was determined. The absorbed energy is spent for the work done against
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friction in displacing the fibers relative to the matrix, or the work required to
cause elastic debonding is the principal source of this fracture energy. In short-
-fiber composites, the situation is often slightly clearer because the ends of many
fibers must inevitably be nearer to a crack face than half the critical transfer
length and these ends will therefore be pulled from the matrix as the composites
separates into two or more pieces.16-20

The impact strength was higher for the composites with the longer fibers
length. A certain deviation was noticed for the impact strength an 15 of the
composites with fiber contents of 25 mass % and 45 mass % and a fiber length of
50 mm. The higher value for the coefficient of variation (C,, = 12.6) of the first
test sample shows that the probable cause for this is the difference in the fiber
orientation distribution through the wall thickness of the sample. The composite
material with a higher fiber content becomes more rigid, which results in a lower
impact strength. The best impact strength exhibited the test sample with 57 mass %
fiber content and 50 mm fiber length.

The composites with the shorter fiber length had a higher compression
strength, as can be seen inTable VII.

TABLE VII. Compression strength (oc / MPa) of the moldings

Fiber length: 25 mm
Fiber content, %

Property 25 45 57 67 75
Xer 153 159 164 179 143
SD 1.50 0.80 1.40 2.40 5.20
Cy 1.00 0.50 0.90 1.30 3.60
Fiber length: 50 mm
Xsr 135 128 172 132 141
SD 3.40 6.40 18,5 10.0 6.20
Cy 2.50 5.00 10.8 7.50 4.40

On compression, the matrix is called upon to bear a large fraction of the
applied load. Since the reinforcement is not continuous, local shear failure in the
matrix initiates a buckling type of rupture as the interface begins to fail and fiber
strengthening of the matrix is lost. In composites with poor fiber/matrix bonding,
longitudinal splitting occurs but in a well-bonded composite, a substantial pro-
portion of the compression strength may be retained.13.15

The highest value for the compression strength is registered for composites
with fiber contents of 57-67 mass %, i.e., 164-170 MPa (with fiber length of 25
mm). The deviation of the composite with longer fibers and with a fiber content
of 57 mass % is probably the result of non-homogeneity and non-uniformity of
the material. A proof for this is the value of the coefficient of variation (Cy =
= 10.8), which is higher than the ones for the other composites. In the other com-
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posites, the distribution of the fibers was more uniform, which resulted in more
uniform compression strengths.

A typical value for the compression strength of phenolic resin/carbon fabric
composites is 359 MPa. The obtained values for the compression strength of the
BMC-based moldings were half of that of fabric-based composites. Continuous
fibers composites show the best mechanical properties, due to the continuous
form of the reinforcement and the fiber orientation distribution.3

The flexural strength and the modulus of the test moldings as a function of
content and length the carbon fibers are presented in Figs. 3 and 4. As is known,
the fiber length was selected in accordance with the composite application. The
composites with shorter fibers have higher flexural strength and modulus. Ge-
nerally, for the best mechanical properties, the fiber length should exceed a criti-
cal value but if the composite is overloaded, fiber fracture occurs until the fibers
degrade to this value. The analysis showed that the fiber length and the aspect
ratio should be as large as possible. The dimensions of the short fibers for rein-
forced composites must be chosen accordingly and steps must be taken during
processing to maintain the lengths at adequate levels. The fiber length should not
be too long or the fibers becomes entangled, causing problems with dispersion; if
it is too short, the stress transfer area is too small and the fibers do not provide
effective reinforcement.8.15
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The composites with a fiber content of 57 mass % had the highest values for
the flexural strength and the modulus.

Full factorial experimental design

In order to determine the optimal processing parameters and optimal fiber
length, full factorial experimental design was applied. In accordance with the plan
matrix, eight experiments with the variation of three parameters on two levels
were performed. The results showed that the optimal fiber content is 60 mass %.21
Some test results are presented in Figs 5 and 6.

The impact strength of 10 mmx10 mm test (o75) moldings vs. different fiber
lengths at a constant temperature and curing time is presented in Fig. 5.
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Fig. 5. Impact strength vs. fiber length (25-50 mm) at constant temperature and curing time.

Impact strength was higher for the composites with the longer fibers for both
types of test moldings (10 mmx10 mm and 15 mmx15 mm). The regression equa-
tion (1) shows the individual contribution of the parameters: fiber length, press
cycle temperature and press cycle time on the response function, i.e., impact
strength.

y(X)=-32.80+0.46X; —1.40X, —0.66X 3 +0.02X, X 5 1)

The fiber length had the largest contribution to the impact strength, the con-
tribution of the press cycle temperature was lower and the press cycle time had
the lowest contribution. By increasing the fiber length and keeping the press cyc-
le temperature at the upper level, an increase of the impact strength can be achiev-
ed at a shorter time.

The flexural strength vs. different fiber lengths at a constant temperature and
curing time is presented in Fig. 6. An inverse dependence of the flexural strength
as a function of the fiber length was found, Eq. (2):

y(X)=58.76+1.65X ; —3.80X, —0.83X 3 +0.06 X , X 5 )

The compression strength for all the tested moldings was also inversely
dependant on the fiber length. All the results were in the 147 to 245 MPa range.22
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From the regression equations, it can be seen that the fiber length had the
greatest influence on the mechanical properties of the moldings, next the press
cycle temperature and the smallest the press cycle time.
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Fig. 6. Flexural strength vs. fiber length (25-50mm) at constant temperature and curing time.

Thermal properties

Thermogravimetry of the composites with carbon fiber contents of 25, 45,
57, 67 and 75 mass % and with a fiber length of 25 and 50 mm was performed
(Table VIII).

From Table VIII, it can be noticed that the fiber content had a certain influ-
ence on the thermal degradation: the composites with the highest fiber content
degraded at a higher temperature (the temperature of the excessive thermal de-
gradation occurred at 350 °C, compared to 250 °C for the composite with lowest
fiber content). The weight loss of the pure resin was higher compared to that of
the fiber-reinforced resins. In addition, the weight loss of the composites with the
highest fiber content was lower in comparison with the composites with the
lowest fiber content: at 500 °C, the weight loss of the composite with a fiber
content of 75 % was 14.6 %, and for the composite with a fiber content of 25 %,
it was 22.8 % (see Fig. 7).

TABLE VIII. Weight loss (Am / %) of the resin and the composites with fiber lengths of 25 and 50 mm

Weight loss of Fiber content, %
t/°C Resin DX 30 25 57 67 75 25 57 67 75
mg Composite with | = 25 mm Composite with | = 50 mm
0-250 15 9.7 4.4 2.4 1.6 5.4 3.8 2.0 0.9
250-325 1.2 24 3.6 24 14 4.0 34 1.6 15
325-400 1.3 3.7 5.6 3.2 2.3 3.8 5.3 3.2 2.0
400-500 5.7 7.0 6.6 10.3 9.3 6.2 8.3 104 102

The heat deflection temperature was measured according to Martens for all
moldings and it was found that, in all cases, the value exceed 210 °C, as reported
earlier.23
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The results of the thermal analysis of the composites show that they meet the
criteria necessary for high temperature application.

As a result of the investigations, a rocket nozzle was produced and tested
under real application conditions. It satisfied all service requirements.
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45 — Fig. 7. Thermal decomposition (TG) of
0 150 300 450 the resin DX 30 and composites with
Temperature, "C 25/75 and 75/25 fiber/matrix ratio.

CONCLUSIONS

The basic mechanical and thermal properties of phenolic resin composites
with different fiber contents and fiber lengths were tested. The optimal results
were obtained for composites with a carbon fiber content of approx. 60 %. The
optimal processing parameters, determined using full factorial experimental de-
sign, were found to be: press cycle temperature: 160 °C, press cycle time: 25 min
and fiber length: 25 mm.

The composite material based on the ablative phenolic resin and carbon fi-
bers, produced using these processing parameters and a fiber length of 25 mm
had the following mechanical properties: flexural strength, 247 MPa; modulus,
27.6 GPa; impact resistance 110 and 91 kJ/m2 for test moldings of 10 mmx10 mm
and 15 mmx15 mm, respectively.

The final composite parts based on this molding compound are recommend-
ed for various application in the automotive industry, military (for anti-hail ro-
cket nozzles), leisure, etc.

U3BOJI

KOMIIO3UTHU MATEPUJAJI HA BA3U ABJIATUBHE ®EHOJIHE CMOJIE
N YI''BEHUYHIX BJIAKAHA

VINETA SREBRENKOSKA!, GORDANA BOGOEVA-GACEVA? 1 DIMKO DIMESKI*

Faculty of Technology, Goce Delcev University, Krste Misirkov b.h., P.O. Box 201, 2000 Stip and ?Faculty of
Technology and Metallurgy, Sts. Cyril and Methodius University, MK-1000 Skopje, FYR Macedonia

VY pany je u3BplIeHa ONTHMHU3ALMja TEXHOJOTHje 32 IPOM3BO/BY NPECOBAaHUX KOMITO3HMTA HA
0a3u BUCOKOTEMIIEpaTypHe abiaTHBHE (eHoN—(opManIexuaHe CMoje M KPaTKUX YTJbEHHYHUX
BrakaHa. OKapakTepHCaH! Cy ITOYETHH MaTepyjald, Kao U JOOUjeHH y30pIy KOMIIO3HUTA ca pa3Jii-
YUTOM KOJMYMHOM W J{y’KHHOM YIJbeHHUHHX BiakaHa. [IpumeHoM TepmokommpecHje nzpahenn cy
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y30pIIH, YHMja Cy OCHOBHA MEXaHWYKa M TEpMHUYKA CBOjCTBA MCIHMTHBaHA y paxy. Ha 6azu mobuje-
HUX pe3ynTata oapel)eH je onTumanal 0HOC BIAKHO—MAaTPHIIA 32 IPOU3BOAGY IPEC-Mace 3a BUCO-
KO-TeMIepaTypHy npuMeny. Ha ocHOBy onTummu3aliyje mpoieca npecoBamba KOMIO3UTHOT MaTepH-
jama oapeheHu cy mapameTpu mpolieca aJeKBaTHHU 3a J0OUjarkhe KOMIIO3UTa Ca BUCOKUM MEXaHUY-
KAM CBOjCTBUMA M TEPMHUYKOM cTabwiHomihy. 3a onTUMH3alHUjy Hpoleca MPUMEHCHA je HyMme-
pHYKa MeToJia IUIAHUPAHOT EKCIIEPUMEHTA Ca BapHpameM TPH OCHOBHA (hakTopa: NyKHHA BIIAKHA,
TeMIiepatypa U BpeMe HpecoBarmba. MexaHn4Ke KapaKTepucTHKe Kommo3uTa (uBpcroha caBujarba
on 247 MPa, moxyn ox 27,6 GPa, ynapua ormopaoct ox 110 (3a tect y3opka 10mmx10 mm) u 91
kJ/m2 (3a Tect y3opka 15mmx15mm)) noteplyjy na je moGujeHH MaTepujan ajeKBAaTaH 3a MPH-
MCHY Y ayTOMOOWIICKO], BOJHO] U APYTHM HHIYCTpHjaMma IJie Cy HEONXO/HE BHCOKA TeMIIepaTypHa
M3PKJBUBOCT U 33/10BOJbaBajyha MexaHnuka yBpcroha.

(Tpumsbeno 27. jyna 2007, pesuaupano 12. Gpebpyapa 2009)
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Abstract: Bioremediation, a process that utilizes the capability of microorga-
nism to degrade toxic waste, is emerging as a promising technology for the
treatment of soil and groundwater contamination. The technology is very ef-
fective in dealing with petroleum hydrocarbon contamination. The aim of this
study was to examine the composition of the microbial consortium during the
ex situ experiment of bioremediation of soil heavily contaminated with crude
oil and its products from the Oil Refinery Pancevo, Serbia. After a 5.5-month
experiment with biostimulation and bioventilation, the concentration of the to-
tal petroleum hydrocarbons (TPH) had been reduced from 29.80 to 3.29 g/kg
(89 %). In soil, the dominant microorganism population comprised Gram-posi-
tive bacteria from actinomycete-Nocardia group. The microorganisms which
decompose hydrocarbons were the dominant microbia population at the end of
the process, with a share of more than 80 % (range 107 CFU/g). On the basis of
the results, it was concluded that a stable microbial community had been for-
med after initial fluctuations.

Keywords. bioremediation; microbial consortia; petroleum contamination.

INTRODUCTION

Bioremediation is a modern method in which the natural ability of micro-
organisms is employed for the reduction of the concentration and/or toxicity of
various chemical substances, such as petroleum derivatives, aiphatic and aro-
matic hydrocarbons, industrial solvents, pesticides and metals.!

Some microorganisms can decompose or transform the chemical substances
present in petroleum and petroleum derivatives. Hydrocarbons from crude oil re-
present substrates for microorganisms, hence, when an accidental oil spill occurs,

* Corresponding author. E-mail: jelenamilic@chem.bg.ac.yu
# Serbian Chemical Society member.
doi: 10.2298/JSC0904455M
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the number of hydrocarbon degrading microorganisms in the ecosystem in-
creases. A single microorganism can degrade only certain types of petroleum
compounds, but a mixed population — microbial community enables a higher le-
vel of degradation. Moreover, some substances can be decomposed only by co-
metabolism. In natural conditions, the presence of microorganisms that use the
products of primary degradation is of particular importance. Further decompo-
sition of crude oil is stimulated by the removal of its degradation products.

The speed and efficiency of bioremediation of a soil contaminated with pet-
roleum and petroleum products depends on the number of hydrocarbon-degra-
ding microorganisms in the soil. The most important factors for population
growth are temperature, oxygen, pH, content of nitrogen and phosphorus, hydro-
carbon class and their effective concentration. The degree and rate of biodegra-
dation are influenced by the type of soil in which the process occurs.23

The specific metabolic activity of microorganisms in biodegradation experi-
ments could be monitored by molecular biological methods, fatty acid profiling
and by classical microbiological methods.# The first two methods enable an in
detail taxonomical identification and an estimation of the non-cultivatable micro-
organisms. Despite being time consuming, classical methods are often used not
only as a community characterization method but also as a tool for the isolation
of microorganisms with the desired characteristics, particularly with substrates of
low degradability.

Various authors studied metabolically active microbial communities — con-
sortia during petroleum bioremediation under laboratory condition or as field ex-
periments.>8 For example, Groudevad studied the composition of a metaboli-
cally active consortium during bioremediation of water and wetlands contami-
nated with crude oil and heavy metals.

This work represents a continuation of our research in the area of the bio-
degradation of hydrocarbons in water and sediments on the area of the Panc¢evo
Oil Refinery, Serbia.%-12 This paper examines the composition of the microbial
consortium during the ex situ experiment of bioremediation of 150 m3 of soil
heavily contaminated with petroleum and petroleum products from the oil refi-
nery complex. The experiment was performed from May to October 2006.

EXPERIMENTAL

In the complex of the Oil Refinery Pancevo, a 150 m? in volume bioremediation pile
(“open bioreactor”) of a watertight base of soil contaminated with petroleum and petroleum
derivatives was made. The natura aeration was stimulated by a system of perforated pipes.
Bioremediation was performed by adding organic amendments — poultry manure as an N and
P source and sawdust to improve the soil texture. The pile was protected from direct external
influences by a*“ green house”.

Every 15 days, six composite samples were prepared by the zigzag technique and used
for al determinations.
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The number of microorganisms was determined by the method of seria dilution on agar
plates incubated on 26 °C. For the total count of bacteria, Nutrient agar was used; for fungi,
Malt agar with streptomycin; for Gram-negative bacteria, McConkey agarl3 and for micro-
organisms which decompose hydrocarbons, mineral base medium!4 with different carbon
sources: 2000 ppm diesel fuel, 375 ppm toluene or 200 ppm phenanthrene.1®> Actinomycetes,
Nocardia and Pseudomonas as well as cellulose decomposing bacteria and fungi were deter-
mined using selective media. 1617

The content of total petroleum hydrocarbons (TPH) in the soil was determined according
to DIN EN 14345:2004. Gas chromatography was performed using an Agilent 4890D instru-
ment with an FID detector (column: HP-1IMS 30 mx0.25 mm; carrier gas. hydrogen; injector
temperature: 250 °C; initial temperature 40 °C, isothermal at 285 °C for 12 min).18

RESULTS AND DISCUSSION

The examined soil contaminated with petroleum and petroleum derivatives
originated from the Oil Refinery Pan¢evo, where pollution is high and chronic.
The sail initially contained 29.99+1.88 g TPH/kg. Since preliminary experiments
(the results are not given) revealed the presence of hydrocarbon degraders in the
soil, the growth of microorganisms was stimulated by the addition of N and P
sources, aeration and mixing. In this way by application of bioremediation tech-
niques, the concentration of total petroleum hydrocarbons (TPH) was reduced to
3.29 g/kg (89 %) during the five-and-half month experiment. The changes of the
TPH as well as the GC chromatogram of the initial and the last sample are shown

inFig. 1.
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Fig. 1. Time course of the hydrocarbon concentration during the biodegradation process
(al results are expressed on the basis of dry weight; meantSD, n = 6).
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It is noticeable that the highest reduction of TPH occurred in the period from
the 49t to the 96t" day. Apart from that, it should be pointed out that until the
63'd day, practically 50 % of the hydrocarbons had been decomposed. In initial
sample, the hydrocarbons were partialy biodegraded so that the part of easily
degradable alkane fraction of crude oil was removed, which generally reduces the
rate of further degradation.3.6.12

As mentioned in the introduction, studies of microbial consortia are of great
importance for the best understanding of the biodegradation process. In this stu-
dy, specific microorganisms groups were chosen on the basis of the genera role
of microorganisms in the cycling of carbon, nitrogen and phosphorus in soil. In
addition, it is well known that the best hydrocarbon degraders are bacteria from
the genera Nocardia, Pseudomonas, Acinetobacter, Flavobacterium, Micrococ-
cus, Arthrobacter, Corynebacterium, Achromobacter, Rhodococcus, Alcaligenes,
Mycobacterium and Bacillus and the fungi Rhodotorulla, Fusarium, Aspergillus,
Mucor, Penicillium, Candida and Sporobolomyces. 19
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The changes in the number of microorganisms in specific physiological-bio-
chemical groups are given in Fig. 2. Most of these microorganisms were mem-
bers of the indigenous microflora and some were introduced into the system with
the organic amendments added to the soil in order to stimulate biodegradation.

The highest number of microorganisms was attained between 7—14 weeks of
the process. The total number of bacteria in the soil during bioremediation wasin
range 107108 CFU/g dry soil, and yeast and molds 104-10° CFU/g. The number
of hydrocarbon-degrading bacteria was 106-107 CFU/g, and hydroarbon-degra-
ding fungi 105-106 CFU/g (Fig. 2a). The number of toluene and pheanthrene de-
graders was 10°-106 CFU/g (Fig. 2c). The dominant population in the soil com-
prised Gram-positive bacteria from the actinomycete-Nocardia group (108-107
CFU/g), while the total number of Gram-negative bacteria (105106 CFU/g) and
members of genus Pseudomonas (104-10° CFU/g) was slightly smaller (Fig. 2b).
The number of cellulolytic bacteria was in the range 10°-106 CFU/g, and that of
cellulolytic fungi was 104-10° CFU/g (Fig. 2¢).

On the basis of the results presented in Fig. 2, it is apparent that a stable
microbial community was formed during the bioremediation experiment.

CONCLUSIONS

The metabolically active microbial community played the key role in the hy-
drocarbon biodegradation. The maximum number of microorganisms in the con-
sortium was achieved from the 49t to the 96th day of the experiment and si-
multaneously, the highest rate of hydrocarbon degradation occurred. During the
bioremediation experiment, there were no significant changes in the relationships
between particular microbial populations, probably because the soil used in the
experiment had a high hydrocarbon content and the contamination was aged and
chronic.
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BUOPEMEJIMJAIINJA 3EMJBMIITA TEHLIKO KOHTAMUHNWPAHOI' HA®TOM 1
HA®THUM JEPUBATUMA: CACTAB KOH30PLIMJYMA MUKPOOPI'AHU3AMA

JEJIEHA C. MAJIMRY, BJIAZIUMUP I1. BELIKOCKU?Y, MUJIA B. WJIMRY, SAMIRA A. M. ALI?,
TOPIAHA b. FOJFM"ﬁ—L[BI/IJOBI/I'ﬁl u MUPOCIJIAB M. BPBMT12

Ulenitiap 3a xemujy, Mnciiudiyiti sa xemujy, iiiexHoaoZujy u mefiaaypzujy, Ynusepauitieiii y Beozpady, Hezowesa 12,
Beozpao u > Xemujcku paxyaitiei, Ynusepauitieii y Beozpady, Citiydeniticku imipz 12—16, Beozpad

Buopemenujanuja, mporec Koji KOPUCTH CIIOCOOHOCT MUKPOOPTraHu3aMa Ja pas3jiaKy TOKCHY-

HH OTNAaj, IpeJCcTaB/ba CaBPEMEHH TpeHA y mpeuninhaBamy 3ara)eHOT 3eMJBHINTA W MOA3EMHHX

Boga. OBa TexHoJIOTHja je BeoMa euKacHa y yKiamaikby KOHTaMHHauuja HadTHOr 3arahuBaua.

Llusb oBOT pajia je OMo KapakTepH3aluja KOH30pIHjyMa MUKpOOpraHu3ama rpH eX Citu 6uopeme;u-

jalMju 3eMJBHINTA TEIIKO KOHTAMHHUPAHOT Ha()TOM M HeHHM aepuBatuMa n3 Padunepuje Hadre,
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[Nanuero. [Tocne 5,5 mecenu ekcriepuMenTa y3 OHOCTHMyNanujy ¥ OHOBEHTWIAIN]Y KOHIIEHTpa-
Mja YKyITHHX YIJbOBOMOHHKA HadTe je cMamena ca 29,80 ua 3,29 g/kg (89 %). [lomunaHTHa TIOITY-
nan@ja y 3eMIJBHINTY YKJbydyje ['pam-nosutuBHe Oakrepuje u3 rpymne akrunomuiera-Nocardia.
Mukpoopranu3mMu Koju pasrpaljyjy yribOBOJOHHKE Ha Kpajy mpoleca ¢y OWiIM JOMHHAHTHA MH-
KkpoGHa Tonyaumja ca yaenom npeko 80 % (pex Bemmunne 107 CFU/g). Ha 0CHOBY 0BHX pesyil-
Tara ce MOXE 3aKJbyUYHTH Ja je, HAaKOH IOYETHUX MPOMEHa, JOLLIO 10 GopMupama cTabuiIHe MUK-
poGHe 3ajenHuIe.
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Abstract: The radiologica risk due to the presence of natural and man-made
radionuclides in beach sands from several renowned seaside and riverbank
public beaches was estimated in this study. The exposure levels to terrestrial
radiation of the beaches were determined, as well as hazards due to human use
of the analyzed sands in industry and in building constructions. Specific radio-
nuclides concentrations in the sand samples were determined by standard gam-
ma-spectrometry. The corresponding radiation hazards arising due to the use of
sand as a building material were estimated by three different radiological ha-
zard indices. The total absorbed gamma dose rate in the air was determined and
the corresponding annual effective dose outdoors was estimated. The obtained
data are relevant both from human health and environmental monitoring aspects.

Keywords. environmental radioactivity; sand; radiological hazard indices; gam-
ma spectrometry; dose rates.

INTRODUCTION

Natural radioactivity is present in the human environment due to the pre-
sence of cosmogenic and primordial radionuclides in the Earth’'s crust. Cosmo-
genic radionuclides are produced by the interaction of cosmic-rays with atomic
nuclei in the atmosphere, while primordial ones (terrestrial background radiation)
were formed by the process of nucleo-synthesis. Only those radionuclides with
half-lives comparable to the age of the Earth, e.g., 40K and members of the
uranium and thorium series, can still be found today in different geological mate-
rials. Gamma radiation from these radionuclides represents the main external
source of irradiation of the human body and can be considered as the largest con-
tributor to the external dose absorbed by the population of the world.12

* Corresponding author. E-mail: mirar@vincars
# Serbian Chemical Society member.
doi: 10.2298/JSC0904461R
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Specific levels of terrestrial background radiation mainly depend on the geo-
logical and geographical conditions. Higher levels are usually associated with ig-
neous rocks. Weathering and erosion of both igneous and metamorphic rocks in
the environment transform rocks into sand deposits, some constituent minerals of
which bear natural radionuclides from the uranium and thorium series as well as
potassium. The study of the concentrations of radionuclides and their distribution
in sands enables the assessment of radiological risk due to external human ex-
posure to gamma radiation outdoors and inhalation of airborne radioactivity ema-
nating from building constructions and dwellings.3

The objective of this was to identify and quantify significant gamma-emit-
ting radionuclides in sand samples from severa renowned world beaches, regard-
less their geo-genesis or chemical composition. For this purpose, sand samples
were analyzed by high-resolution gamma-radiation spectrometry and the specific
activities of 226Ra, 232Th and 40K and 137Cs were determined. In addition, ener-
gy-dispersive X-ray fluorescence spectrometry (EDXRFS) was employed for the
semi-quantitative elemental analysis of the sands.

Based on radioactivity data, the radiation hazards due to the presence of
specified radionuclides in sands commonly used in building constructions were
assessed by the following three indices: the radium equivaent activity, Ragg, the
representative level index Iy and the external hazard index Heyx.#6 Additionally,
the absorbed dose rate in air (outdoors) due to the uniform distribution of iso-
topes from the uranium and thorium series and 49K in the beach soil 1 m above
the ground surface was estimated, and the corresponding annual effective dose
(mSv yr-1) outdoors calculated as the measure of human exposure to radiation.

EXPERIMENTAL
Sampling and sample preparation

Superficial beach sand samples were collected from the sea coastal sites: Ulcinj City
Beach (Ulcinj, Montenegro), Great Beach of Ulcinj (Ulcinj, Montenegro), Patara (Xanthos,
Turkey), Tayura (Tripoli, Libya), Tarig-City (Tripoli, Libya), Al Masif Albalady (Tripoli, Li-
bya), Gargaresh (Tripoli, Libya), Qarit-City (Tripoli, Libya), Janzour (Tripoli, Libya), Man-
hattan Beach (Los Angeles, USA), Santa Monica City Beach (Santa Monica, USA), Great Salt
Desert (Salt Lake City, USA) and Copacabana (Rio de Janeiro, Brazil). Some samples were
collected from the Lido River Beach (Belgrade, Serbia), located on the sediment Great War
Island (Danube River) in Belgrade.

The Great Beach of Ulcinj, Montenegro is located in the southern part of the eastern Ad-
riatic Coast, 5 km from the city of Ulcinj. It is 13 km long and about 60 m wide, having an
estimated capacity of about 15000 people. It is completely covered with finest grey sand.

The Patara Beach near Xanthos, Turkey is a 14.2 km long beach, located on the Mediter-
ranean coast in southern Turkey, covered with fine brown sand and backed by swooping dunes.

All the Tripoli, Libya beaches mentioned in this work are parts of the very long Libyan
Coast on the Mediterranean See, with sand of similar characteristics.
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The Manhattan Beach and the Santa Monica City Beach are two parts of a much longer
sandy beach in the Santa Monica Bay. The former is 3.4 km long, while the latter is 5.6 km.
Both are located in the Los Angeles area (southern California).

The Copacabana, Brazil is probably the world’s most famous and most popular beach. It
is four kilometers long and located in the heart of Rio de Janeiro, covered with fine light yel-
low sand.

The Lido, Belgrade is a beach on the Great War Island, which is ariver island, located in
the heart of the city of Belgrade (Serbia), at the confluence of the Sava and Danube Rivers. It
is covered with fine light gray sand, which can also be found on some other places along the
Danube River in this area.

Approximately 2 kg of sand was taken from 50x50 cm? surface areas (0-10 cm depth) at
each sampling site. Samples from the same location were taken at points distant from each
other, about 1.5 to 2 km along the beaches. Samples from al the beaches were morpholo-
gically similar with 0.2-1.0 mm diameter grains. After the bulk samples had been homoge-
nized and dried at 110 °C in an oven, about 450 cm3 was transferred into cylindrical Marinelli
beakers, weighed and sealed. After 40 days, the secular radioactive equilibrium between
226Ra, 232Th and their daughter products was attained and the samples were ready for gamma
spectrometric counting.

Less than 1 g of each homogenized sample was used without further treatment for non-
-destructive energy dispersive X-ray fluorescence spectrometric measurements.

Analyses

The activity concentrations of 22Ra, 232Th and 4K in the samples were determined by
standard gamma spectrometry using a HP Ge detector (Canberra) with a 23 % relative effi-
ciency and aresolution 1.8 keV for the 1332.5 keV %0Co gamma line. The detector calibration
was performed using a certified standard reference soil material (MIX-OMH-SZ, National
Office of Measures, Budapest) spiked with 22Na, 57Co, 69Co, 89, 133Ba and 13’Cs in a cylin-
drical Marinelli beaker geometry. The background radiation and the samples were counted for
about 68000 s. The 295.21 and 351.92 keV 214Pb and 1120.29 keV 214Bi gamma ray lines
were used to determine the 22°Ra activity concentration. The 232Th activity concentration was
determined using the 911.07 and 969.11 keV 228Ac gamma lines. The activities of 40K and
137Cs were determined directly from the 1460.8 and 661.66 keV gamma lines, respectively.
The uncertainties are given at the 90 % confidence level.

A more detailed characterization of the sands from the different locations was performed
by semi-quantitative EDXRFS spectrometry. The measurements were performed using the
Canberra spectrometry system with 199Cd as the excitation source and a Si(Li) detector, with a
detection limit of 10 ppm. Since the same measurement time of 60 ks was chosen for al
samples, a comparison of the integrated areas of the peaks at wavelengths characteristic for
the elements: Cl, K, Ca, Ti, Cr, Mn, Fe, Zn, Br, Rb, Sr, Y and Zr, was possible for samples
originating from very different areas of the world.

Gamma irradiation hazard indices and dose rates estimation

Three different indices were calculated, i.e., the radium equivalent activity, Rag,, the re-
presentative level index |, and the external hazard index Hg,. In addition, the absorbed dose
rate, D, in the air was estimated.

The radium equivalent activity, Ray, defined by Beretka and Mathew (1985),4 is the
most widely used index, which can be calculated according to the equation:
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where Cr, Crh and cx are the activity concentrations of 226Ra, 232Th and 4°K in Bq kg'l,
respectively. Here, it is assumed that the same dose rate is produced from 370 Bq kg 2%Ra
or 259 Bqg kg1 232Th or 4810 Bq kg 149K present in the same matrix.

The representative level index |, is defined by equation:®

I—ic +i +ic 2
" =150 Ra " 100 T T 1500 K

This index value must be less than unity in order to keep the radiation hazard insignificant, i.e.,
the radiation exposure due to radioactivity from construction materialsislimited to 1 mSv yr-1.
The external hazard index He, is given as:®

—ic +i +——c¢C (3)
e =370 Ra " 259 T T 4810 ¢

The total absorbed dose rate, D, in the air (outdoors) due to the uniform distribution of
al the 22°Ra and 232Th series, and “°K in the beach soil 1 m above the ground surface was
estimated by the formula:”

D = 0.427c,, + 0.662C;, + 0.0432¢, (4)

where the constants represent conversion factors (nGy h'l per Bq kg1) calculated by the
Monte Carlo technique for radionuclides and ¢, is average activity concentration of 238U,

RESULTS AND DISCUSSION
Contents of natural and man-made radionuclides

The obtained values of the activity concentrations (Bq kg1) determined for
the radionuclides 226Ra, 232Th, 40K and 137Cs in the analyzed sand samples are
listed in Table I. The presented results of the contents of radionuclides in sand
samples, randomly taken from both sea and river beach areas of tourist zone,
show low activity concentration of 226Ra and 232Th, originating from the natural
radioactive series, as well as naturally occurring 4°K. The minimum activity con-
centration 2.24 Bq kg1 of 226Ra was determined in the sand sample from the
Copacabana Beach (Brazil), while the maximum value of 15.9 Bq kg1 was
found in the sand from the Great Beach of Ulcinj (Montenegro). The activity
concentrations of 232Th were in the range 2.6-17.3, with a minimum value for
the Patara Beach (Turkey) and a maximum for the Manhattan Beach (USA). The
differences are not so significant and are attributable to the geochemical com-
position and origin of rock typesin a particular area.

The content of 49K depended much more on the location and had the lowest
value of 18.9 Bq kg1 for the sand sample from the Copacabana Beach (Brazil)
and relatively low values for Tripoli (Libya) and Patara (Turkey) sands. Values
up to 696 Bq kg1 may be noticed at the other sites, probably due to the presence
of K-feldspar in the mineral matrix of the sand deposits.

10
Réeq = Cra+ = Crn +

H
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TABLE I. Activity concentrations of 226Ra, 232Th, 4K and 137Cs in the sand samples col-
lected in the period from 2004 to 2007

-1
Sampling site R4 232-|(-:|,: Bakg Wy Bicg
Ulcinj, Montenegro  City Beach 74+10 90+12 192+18 0.43+0.09
Great Beach 1 159+2.0 1460+1.9 398+ 37 1.83+0.30
Great Beach 2 11.2+16 172+22 412+38 216+0.31
Great Beach 3 89+12 134+17 338+31 1.19+0.20
Great Beach 4 96+12 118+15 276+26 2.32+0.29
Great Beach 5 100+£13 124+16 314+29 249+0.35
Great Beach 6 104+13 126+16 251+24 1.99+0.27
Lido, Danube River, 1 79+10 6.41+087 299+27 1.41+0.19
Belgrade, Serbia 2 76+£10 88+11 307+28 1.06+0.17
3 84+11 97+12 278+25 0.59+0.12
USA Manhattan Beach, Los 50+1.1 17.3+24 457+44 0.65+0.16
Angeles, CA
City Beach, Santa 11.1+1.8 125+22 696+65 1.40+0.26
Monica, CA
Great Salt Desert, Utah 94+1.7 11.2+19 230+25 128+1.4
Patara Beach, Xanthos, Turkey 108+1.2 256+053545+6.0 <0.3
Tripoli, Libya Tayura-City Beach 85+11 439+0.73542+59 <03
Tarig-City Beach 122+14 84+10 84+84 <03
Al Masif Albalady, 724+089 591+0.82 624+6.7 <03
Tower
Al Masif Albalady 140+16 342+0.62 776+80 <0.3
Gargaresh, City 7.37+090 3.08+051 275+33 <03
Qarit-City Beach 715+0.87 348+£054 31.0+36 <03
Janzour 11.28+1.29370+£0.64 805+82 <0.3
Copacabana, Rio de Janeiro, Brazil 224+036 6.14+0.75 189+24 <0.3

These results are in accordance with some previous studies,8-10 as well as
world quoted values for sand minerals. 25 (7-50), 25 (10-50) and 370 (100-700)
Bq kg for 226Ra, 232Th and 49K, respectively.1! The unexpectedly low natural
radionuclide content found in the Brazilian sand from the Copacabana Beach
suggests the presence of light minerals, such as quartz and feldspar, as the source
rather than pre-Cambrian period basement rocks deposits.12

Main differences in the elemental composition of the analyzed sand samples
are shown in Figs. 1 and 2, where the results of X-ray fluorescence spectrometry
are arranged into two groups. It can be noticed that sands from the Mediterranean
region (Fig. 2) have somewhat higher Ca contents, indicating the carbonate na-
ture of the sediment rocks, while the sands from the American continent have
noticeable Zr contents. The somewhat higher values of the Fe concentrations in
the sand samples may have been caused by traffic-related pollution of the urban
areas where the beaches are located. All other values are of the same order of
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magnitude and the differences are insignificant. These results may be considered
only as an indication due to the limitations of the method used and limited
number of samples.
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Fig. 1. Contents of some elementsin the analyzed sea-and river-sand
samples from the Mediterranean region.

The activity concentration of the man-made radionuclide 137Cs was in the
range 0.43-2.49 Bq kg1 in the analyzed sand samples, with a maximum value of
12.8 Bq kg1 measured in the Great Salt Desert, Utah, USA, sample radioactive
cesium, a fission product with a half-life of 30.2 yr, is mostly present in the en-
vironment due to the Chernobyl nuclear accident in 1986, but it may be assumed
that nuclear probes performed during sixties in this part of the world (in the
neighboring state of New Mexico) also contributed. The activity concentration of
137Cs becomes lower if compared with some previous results3.14 for location
sites in Serbia and Montenegro, mostly due to the selective migration and geo-
chemical fractionation of cesium in sediments. In general, the 137Cs contents
were very low in all samples, especially in the Turkish and Libyan sands, where
they were below the minimal detectable value.
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Fig. 2. Contents of some elements in the analyzed sea-sand samples
from the American Continent region.

Gamma irradiation hazard indices and dose rates

As river- and sea-beach sand minerals are used in industry and in building
constructions, the gamma-ray radiation hazards due to the specified radionuclides
were assessed by three indices, i.e., the radium equivalent activity, Ragg, the re-
presentative level index, Iy, and the external hazard index, Hex. The results ob-
tained for the sands studied in thiswork are presented in Table l.

The presented results show that the Ragq index for the sand samples had
values in the range 12.5 (Rio de Janeiro, Brazil) to 82.5 Bq kg~ (Santa Monica,
CA, USA), compared with the population-weighted average value of global pri-
mordial radiation of 59 nGy h~1.2 This index is related to the external gamma
dose and internal dose due to radon and its daughter products and allows a com-
parison of the activities and radiological effects of sediment samples containing
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different concentrations of radionuclides. The calculated values of |, were within
9.0-66 % of the 1 Bq kg limit value.

TABLE II. Gamma radiation hazard indices for the analyzed sands. radium equivalent acti-
vity, Rag, representative level index, |, externa hazard index, Hey, and the corresponding ab-
sorbed dose, D, and annual effective dose, E

L Rag Iy Hex D E
Sampling site Bgkg® Bgkg' Bgkg' nGyh' mSvyrt
Ulcinj, Montenegro City Beach 3.1 0.27 0.18 174  0.041
Great Beach 1 67.4 0.52 0.09 337 0021
Great Beach 2 67.5 0.52 0.18 339 0041
Great Beach 3 54.1 0.42 0.15 273 0.033
Great Beach 4 47.7 0.37 0.13 23.8 0.029
Great Beach 5 51.9 0.40 0.14 26.1  0.032
Great Beach 6 47.7 0.36 0.13 23.6  0.029
Lido, Danube River, 1 40.0 0.32 0.11 206  0.025
Belgrade, Serbia 2 43.7 0.34 0.12 223 0.027
3 43.7 0.34 0.12 220 0.027
USA Manhattan Beach, Los 64.9 0.51 0.18 334 0.041
Angeles, CA
City Beach, Santa 825 0.66 0.22 431  0.053
Monica, CA
Great Salt Desert, Utah ~ 43.2 0.33 0.12 21.4  0.026
Patara Beach, Xanthos, Turkey 18.7 0.13 0.05 8.7 0.011
Tripoli, Libya Tayura-City Beach 19.0 0.14 0.05 8.9 0.011
Tarig-City Beach 30.5 0.22 0.08 143 0.018
Al Masif Albalady, 20.5 0.15 0.06 9.7 0.012
Tower
Al Masif Albalady 24.9 0.18 0.07 116 0.014
Gargaresh, City 13.9 0.10 0.04 6.4 0.008
Qarit-City Beach 145 0.10 0.04 6.7 0.008
Janzour 22.8 0.17 0.06 10.7  0.013
Copacabana, Rio de Janeiro, Brazil 125 0.09 0.03 58 0.007

All gamma-ray absorbed dose rates, D, presented in Table Il are within the
range 5.8-43.1 nGy h1, i.e, less than the world average of 55 nGy h—111 Fi-
nally, in order to obtain a rough estimate for the annual effective dose outdoors,
the conversion coefficient from the absorbed dose in air to the effective dose and
the outdoors occupancy factor had to be taken into account. Asin the UNSCEAR
reports (1993, 2000), a conversion coefficient of 0.7 Sv Gy—1 from the absorbed
dose in air to the effective dose received by adults and an outdoor occupancy
factor of 0.2 were used. The annual effective dose E (mSv yr-1) outdoors was
then calculated using the following formula:

E=Dx24hx365.25d%0.2x0.7x10-3 (5)
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The obtained E values for al the analyzed sands were lower than the world-
wide outdoors annual effective dose average of 0.07 mSv yr-1,2 and also below
the value of 1.0 mSv yr—1, recommended by the International Commission on Ra-
diological Protection!® as the maximum allowed annual dose for the public.

CONCLUSIONS

This study showed that the analyzed sand samples from different world beaches
had various radionuclide contents within the average world quoted values. The
corresponding gamma radiation hazard indices and annual effective dose were
below those of the limits considered acceptable.
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PAIMOAKTHUBHOCT IIECKA CA HEKOJIMKO ITO3HATHX JABHUX ITJIIAXKA 1
IMPOIIEHA OAI'OBAPAJYRUX PU3UKA I10 XXKUBOTHY CPEJIUHY

MUPJAHA B. PAJIEHKOBURY, SAEED MASAUD ALSHIKH?, BEJIMBOP b. AHJIPUR! U II'RENAH C. MUJbAHUR?

Yncimuinyim 3a nykaeapue nayke “Bunua”, Jlabopaiiopuja 3a paduoaowiKy 3auuiliuiiiy U 3auiliiiy HusoiliHe
cpedune, i.ip. 522, 11001 Beozpad u >Ynusepsuitieiii y Beozpady, daxyaitieil 3a puauuy xemujy,
i.up. 276, 11001 Beozpao

VY pamy cy mpuKa3zaHH pe3yJTaTH IPOIeHe PaJNOIONIKEe ONAaCHOCTH KOja je IOCIeanIa IpH-
CyCTBa NMPUPOIHUX M NPOU3BEACHUX PAJHOHYKIHIA y NECKY Ca HEKOJIMKO MO3HATHX MOPCKUX H
peuHHX jaBHHX Iutaxa. Oxpeh)eHr cy HMBOM H3JI0KEHOCTH JbYAU 3payeiby M3 MecKa Ha IUIaKama
Kao0 M OMAacHOCT ycie/ Kopuiihema aHaTM3UPaHUX Iecaka y MHAyCTpuju u rpaljeBuHapcty. Kon-
LEHTpallKje 3HauajHUjUX PaJAHOHYKINZA y Y30pLUHUMa cy oapeheHe cTaHmapAHOM rama-creKTpo-
MmerpujoM. Paauornomika onacHoct ycien kopumhema necka kao rpaheBHHCKOr Matepujaia Ipo-
LIeHEHa je Ha OCHOBY TPH MHAMKAaTopa paauonomkor pusmnka. Oxpelena je ykymHa ancopboBaHa
JI03a TaMa 3pauerma y BaszAyXy U NpoLemeHe Cy oaroBapajyhe roaumime eeKkTHBHE 03¢ ycien
0opaBka Ha ITaxxama. Jlo0mjeHn pe3ynTaT cy OUTHH ca acIeKTa 3aIlTHTE JbYACKOT 31paBiba Kao U
MOHUTOPHHIA )KUBOTHE CPEJMHE.

(Mpumibeno 9. jyna, pesumupano 17. jyna 2008)
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INTRODUCTORY COMMENTS FROM THE CHAIRMAN OF DAC

The European Analytical Column has again a somewhat different format.
We have once more invited a guest columnist to give their views on various mat-
ters related to Analytical Chemistry in Europe. This year we have invited Pro-
fessor Manfred Grasserbauer of the Vienna University of Technology to present
some of the current challenges for European analytical chemistry. During the pe-
riod 2002-2007 Professor Grasserbauer was Director of the Institute for Environ-
ment and Sustainability, Joint Research Centre of the European Commission, Is-
pra. There is no doubt that many challenges exist at the present time for all of us
representing a major branch of chemistry, namely analytical chemistry.

The global financial crisis is affecting all branches of chemistry but analy-
tical chemistry in particular since our discipline by tradition has many close links
to industry. We notice already now a decreased industrial commitment with res-
pect to new research projects and sponsoring of conferences. It is therefore im-
portant that we strengthen our efforts and that we keep our presence at analytical
chemistry meetings and conferences unchanged.

Recent activities of DAC and details regarding the major analytical-chemis-
try event this year in Europe, Euroanalysis XV in Innsbruck, are also reported.

* Corresponding author. E-mail: jeta@dac-euchems.org
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THE PERSONAL VIEWS OF MANFRED GRASSERBAUER ON “THE EUROPEAN
UNION POLICY FOR SUSTAINABLE DEVELOPMENT — SOME CHALLENGES
FOR ANALYTICAL CHEMISTRY”

During the “Anthropocene”1 human beings have had a profound impact on
our planet: up to now half of the land surface has been transformed by humans.
In the past 3 centuries the population on earth increased 10-fold to 6 billion and
industrial production increased 40-fold in the last 100 years.

These developments lead to a “ Europe of Today” characterized by economic
wealth, cultural richness and social security, but also caused significant problems
in Europe and globally, particularly environmental pollution, excessive urbanisa-
tion, global warming and over-exploitation of natural resources.

This evolution eventually led to the present Policy Framework for the Euro-
pean Union where Sustainable Development is a key objective for all European
Community Policies and thus one of the Guiding Principles for the European Union.

The present key issues for Sustainable Development are the management of
natural resources, climate change and clean energy, and global poverty and deve-
lopment cooperation. The issue of sustainable management of natural sources
concerns primarily air, water, soil and natural ecosystems like forests.

Clean air for Europe

Air pollution has been a mgjor concern in Europe since the mid-sixties and
has been addressed in a series of policy initiatives and legidation for the limita-
tion of emissions from industry, energy production and transport dating back at
the European level as early as 1970 with regular updates and revisions. Never-
theless recent health studies demonstrate that — even if major improvements in
the quality of ambient air have been achieved — significant parts of the population
still suffer from summer (ozone) or winter smog (particulate matter) and respira-
tory diseases are very common. Nowadays European hot spots for air pollution
can be predominantly found in urban areas and regions with a very high traffic
density. Road transport and shipping are responsible for a major part of the emis-
sions of CO,, particulate matter, SO,, NOy and VOCs (forming ozone) in many
regions. The key chalenge is to develope a more sustainable transport system in
Europe based on an integrated approach for the assessment of the environmental
impact of transport aiming at the identification of amix of different transport mo-
deswhich is energy efficient, cost effective and environmentally friendly.

Analytical sciences play amajor role in this context and faces many challen-
ges, like improving the quality of relevant data by linking routine air quality mo-
nitoring to metrological measurement systems or harmonising/standardising PM2.5
(fine particles of dimensions less than 2.5 micron) monitoring, establishing reliable
methods for source apportionment of particulate matter, developing “on-board"
emission diagnostic devices for heavy duty vehicles. Furthermore, the combina-
tion of monitoring and modeling for regiona and hemispherical transport of pol-
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lutants, assessment of non-local contributionsto a particular emission situation as
well as establishment of reliable models must be further advanced. The devel op-
ment of space based monitoring systems, e.g. within the frame of Copernicus
project, and calibration/validation through in-situ measurements is another task
which will require a massive contribution from Analytics and will represent a
major contribution to a future Spatial Environmental Information System (SEIS).

Water quality and quantity

As far as the natural resource, water, is concerned the European problems
are primarily that 20 % of the surface water bodies are still seriously threatened
by pollution (e.g. by nitrate and pesticides), that 30.000 km? of European fresh-
waters are affected by acidification and that the ecological status of inland waters
is often poor. European seas are significantly affected by eutrophication. In addi-
tion, there is a wide-spread over-consumption of water, particularly in the South
of Europe. Water scarcity affects now already 100 million people in Europe and a
dramatic increase is predicted for Southern Europe as a consequence of global
warming.

Severd initiatives of the European Commission address these issues, in par-
ticular the Water Framework Directive of 2000 and the Marine Thematic Stra-
tegy of 2005.

The challenges for Analytical Sciences relate to the development of methods
and their harmonisation/standardisation for priority pollutants, emerging pollu-
tants and ecological quality parameters of lake, river and coastal waters. Further-
more, new cost effective monitoring strategies based on “learning networks*, de-
dicated sensor networks, space based monitoring systems (particularly for eutro-
phication assessment) an effective combination of monitoring and modeling for
input, transport and effects of pollutants should be developed. The establishment
of the SEIS element “Water Quality and Quantity” based on the “WISE" Water
Information System for Europe is a further priority.

Climate change

Climate Change provides the probably biggest challenge for Europe and the
whole world. Green House Gas emissions have strongly enhanced the natural
warming having led to an overall increase of the globa mean temperature by
0.78+0.18 °C and a sea level rise by 15 cm over the past century. Under baseline
scenarios CO, emissions will further increase (by 70 % in industrialized coun-
tries and by 250 % by countries in development till 2050) leading to a tempera-
ture increase of more than 2 degrees by 2050 and ca. 4 degrees by 2100 accor-
ding to the IPCC report of 2007. The contribution of various countries to the
Green House gas emissions differ widely, also on a per capita basis: annua emis-
sions are less than 1 ton per inhabitant for developing countries and India, ca. 4
tons for China, nearly 10 tons for the European Union and nearly 20 tons for the
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USA. Approximately 75 % of GHG emissions are from consumption of fossil
fuel and biomass.

We have become aware of many different effects of global warming, like the
strong retreat of Alpine glaciers, the reduction of the Arctic ice shield by 40 %
since 1970, awarming of the Mediterranean Sea by 2—-3 °C during the last 25 years.

The European Union has reacted to global warming by introducing the Euro-
pean Climate Change Programs | and Il. These include ratification of the Kyoto
Protocol in 1997 and the proposal of an integrated climate and energy policy in
2006 aiming at a 20 % reduction target for GHG emissions, a 20 % increase of
the efficiency of energy consumption and a 20 % share of renewable energies by
2020, and a massive efforts to arrive at a global agreement for mitigation of glo-
bal warming.

The EU policy to combat climate change requires massive efforts to develop
new clean and sustainable technologies and we need to aim at a “ Third Industrial
Evolution” (Hans Joachim Schellnhuber, Climate Advisor to President Barroso
and Chancellor Merkel). Analytical Sciences have a particularly important role in
assessing the “Green House Gas Problem” and monitoring global change. The
guality assurance systems for emission inventories need to be further developed,
by e.g. reducing uncertainties in the flux of Green House Gases in the domain
agriculture, forestry and land use, new assessment systems based on a combina-
tion of monitoring and modeling for emission and transport of Green House Gases
and air pollutants need to be established. Of particular importance is the develop-
ment of space based monitoring systems which need to be calibrated and valida-
ted through in-situ measurements for the assessment of the global concentrations
of climate effective gases and aerosols and the study of climate change impacts.

Global poverty and devel opment cooperation

In respect to the priority theme, Globa Poverty and Development Coopera
tion, the main issues are on the one hand, that changes outside Europe are exer-
ting pressures on the European Union through air pollution, GHG emissions of
other countries etc., but on the other hand, that Europe is also exporting pressure
on the environment by consumption of global resources: its ecological foot print
is 3 times as much as its “fair earth share” and is not in line with the “One Planet
Living” concept.

The EU has made many important initiatives to foster development coopera-
tion, such as fully endorsing the Doha Development Agenda of the WTO Mem-
ber States of 2001, the Cotonou agreement of 2000 with Africa, Caribbean and
Pacific States, and it is strongly supporting to achieve the UN Millennium Deve-
lopment Goals.

The principles of Sustainable Development have been introduced in all rele-
vant policies, like External Relations, Trade, Security and Development Coope-
ration.
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The environmental pressures on the ecosystems in areas outside Europe are
increasing at a dramatic speed. In the rapidly growing economies, we encounter
massive land spoilisation, water and air pollution in and around new mega-cities.

The “Less Developed Economies’ are stricken by different problems: lack of
essential infrastructure and services (2 billion people without energy services,
like access to electricity), shortage of agricultural land, food and water (globally
only 12 % of land surface is usable for agriculture and overall only 2.5 % is high
value farmland, 1 billion people are without access to safe drinking water), wide-
spread diseases and poverty (in Sub-Saharan Africa 50 % of the people live on
lessthan 1 Euro/day, there are millions of potential migrants).

Africa has been identified as a Priority Partner of the European Union. 3 bil-
lion Euros are provided annually as development aid to support infrastructure de-
velopment, the sustainable use of natural resources, and food security.

Important tasks for Analytical Sciences include the provision of environ-
mental monitoring systems and knowledge/know-how to the rapidly developing
economies and the developing countries, furthermore the development of glo-
bally operating space based observation systems with calibration/validation through
in-situ measurements for monitoring of pollution of air and water, the exploita-
tion of natural resources, the assessment of climate change impacts, and the mo-
nitoring of agricultural productivity and, last but not least, the establishment of
data and observation systems for environmental health.

The overall major challenge for the European Union, as for other highly
industrialized and wealthy societies, is without doubt to develop a functioning an
interdependent global system where the presently 6.7 billion people (and 10 bil-
lion in 2050) from 1000 nations and 200 countries can live together peacefully.
Key questions will relate to environmental quality, the sustainable management
of natural resources, combating climate change and achieving a better equilib-
rium in the distribution of resources. New technologies and an integrated think-
ing will be the key to progress. Analytical Sciences as a key discipline for provi-
ding reliable and useful information will play an important role in this evolution.

INFORMATION FROM THE EUCHEM S DIVISION OF ANALYTICAL CHEMISTRY

Great achievements this year for EuCheM S! DAC wel comes the Division of
Inorganic Chemistry and the Division of Organic Chemistry as new Divisions of
EuCheMS. This move certainly strengthens the EuCheM S as a whole, and DAC
is looking forward to collaborations maintaining a high level of activity. Most li-
kely, the new Divisions are going to organize conferences of their own but before
a series of successive eventsis established; DA C encourages delegates and mem-
bers to participate in Euroanalysis XV, 6-10 September 2009 in Innsbruck, Aus-
tria. The head-line title of the conferenceis “The Impact of Anaytica Chemistry
on Quality of Life".
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The expansion of EuCheMS led by the former Chairman Giovanni Natile
and by the new Chairman Luis Oro calls for appointment of liaison persons to
participate in planning of events and optimizing resources in times where they
might be limited. The DAC liaison to other organizations operates well with ex-
changes of newsletters and minutes of meetings. The Delegates are urged to sup-
ply information to the Secretary for distribution in EuCheM S Newdletter, CITAC
Newdetter and Eurachem Newdetter. The EuCheM S Newd etter and the associated
Brussels News Update both available a the EuCheM S homepage (www.euchems.org)
should be circulated by Delegates nationwide.

The DAC Annua Meeting 2008 was held in Turin, Italy, on Tuesday, 09
September 2008. The Meeting was hosted by Luigia Sabbatini of the Italian
Chemical Society and by Maria Careri of the Italian Division of Analytical Che-
mistry and took place at the Lingotto Congress Centre. Our Italian colleagues
made a great effort to organize the Annual Meeting and to ensure a prominent
position of analytical chemistry at the EuCheM S 2nd European Chemistry Con-
gress; two half-day sessions of analytical chemistry, a school of analytical che-
mistry, short courses, seminars and workshops. Many thanks are due to the orga-
nizers who aso puinshed2 atribute to P. G. Zambonin who has contributed for
many years to analytical chemistry and to the work of the DAC.

The quality label “Organized in Cooperation with DAC” was awarded to
five international meetings and conferences on analytical chemistry in 2008. A
best-poster award worth 200 €, introduced by Springer Publishers was given to
young scientists at Analysdagarna in Gothenburg, Sweden. This very prominent
courtesy generously announced by Steffen Pauli (Steffen.Pauli @springer.com) of
Springer will also be awarded at forthcoming meetings that have obtained the
DAC designation. The guidelines (Appendix Il of the DAC Statutes) prescribe,
that a DAC Delegate addresses the participants with information on the Division,
and the designation also imply that the Delegate reports in writing to the follow-
ing Annual Meeting. A report template may be downloaded from the DAC site
(www.dac-euchems.org).

The Study Group of Education headed by Reiner Salzer has created a num-
ber of templates for case studies, which may be downloaded from the DAC site.
The Members, Delegates and Guest are encouraged to contribute case studies to
teaching at all university levels by using the templates. The Study Group Edu-
cation intends to collect a series of case studies that may be used by the teacher to
demonstrate fundamental principles of analytical chemistry using real-life measu-
rements.
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